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COVER DEPARTMENTS. 
Male flowers of Guronia mokoyana, a 43 Science Online 
Central American plant in the cucumber This Week in Science 
Family, harbor larvae (not visible) of two Editors’ Choice 
species of fly; a third fly species infests Contact Science 
female flowers of the same species of Random Samples 
plant. Some plant species in this family Newsmakers 
‘an host as many as 13 different fly ‘New Products 
species. See page 928. Science Careers 
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MOLECULAR BIOLOGY 

Activation of the Cellular DNA Damage Response in the Absence of DNA 

Lesions 

E. Soutoglou and I. Misteli 

Protein complexes that usually assemble on and repair damaged DNA can form at 

‘undamaged sites to hal the cell cyce if several of the proteins are first tethered there. 
10.1126cience. 1159051. 


ASTRONOMY 
‘An Eccentric Binary Millisecond Pulsar in the Galactic Plane 

D.1. Champion et al. 

A rapidly rotating pulsar has a highly eccentric obit about ts companion stax, not 
the usual circular orbit, challenging ideas on how such binary systems form. 


>> Scimce Epes Peapctve bE van dentiewel 49 15964 cence 3157580 


PERSPECTIVE: An Eccentric Pulsar: Result of a Threesome? 


E.P.J. van den Heuvel 
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MOLECULAR BIOLOGY 
Widespread Translational Inhibition by Plant miRNAs and siRNAs 

P. Brodersen etal. 

Plant microRNAs and small intecdering RNAS, thought to inhibit gene expression 
by cleavage oftheir RNA targets, also interfere with the translation ofthese RNAS. 
into protein. 


10.1126/science.1159151 


PLANETARY SCIENCE 
‘Mars North Polar Deposits: Stratigraphy, Age, and Geodynamical Response 
R J. Phillips etal. 
Radar maging shows that Mars thick north polar ice cap contains four dustrich ayers 
‘ecocting variation inthe plane's orbit and only sighty depresses the underiyng crust. 
>> News story. 267 

10.1126¢science.1157546 
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Comment on “Habitat Split and the Global Decline 
of Amphibians” 
D.C Cannatelta 
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CR. Fonseca, C G. Becker, CF. B. Haddad, P|. Prado 
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Impacts of Atmospheric Anthropogenic Nitrogen on 
‘the Open Ocean 

RA Duce etal. 


893 
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PHYSIOLOGY 
‘The Energetic Cost of Climbing in Primates 

J.B. Hanna, D. Schmitt, TM. Griffin 

Large primates expend less energy walking than climbing, 
‘but smaller ones walk and clim® with similar efiiencies, 
possibly Faciitating an evolutionary shift into trees. 
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(Quasi-Particle Properties from Tunneling in the 

‘y= "% Fractional Quantum Hall State 

1 Radu etal 

Tianneling measarements between the conduction channels 
in the Fractional quaatum Hall ellect confirm shat the charge 
is quantized in units of % of an electron charge. 
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Design Logic of a Cannabinoid Receptor Signaling 
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KD. Bromberg, A. Ma‘ayan, S. R. Neves, R. lyengar 
‘Analysis of transcription data and known signaling networks predict 
‘wo previously unrecognized regulators of neuronal growth, which 
were experimentally confirmed. 
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ASTRONOMY 
‘Turbulence and Magnetic Fields in the Large-Scale 909 
Structure of the Universe 

D. Ryu, H. Kang, }. Cho, 5. Das 

Simulations suggest that shock waves inthe early unive-se could have 
amplified small magnetic feds into the large, complex intergalactic 
fields we se today, 

APPLIED PHYSICS 

Stress and Fold Localization in Thin Elastic Membranes 912 
LL Pocivavsek et a. 
Experiments and simulations show that as a supported membrane 
‘is shortened, peradic wrinkles ae replaced abruptly by sharp folds. 


GEOCHEMISTRY 
‘Metasomatized Lithosphere and the Origin of 16 
Alkaline Lavas 

S. Pilet, M. B. Baker, E.M. Stolper 
Experiments imply that a common typeof basalt can form from 
ante previousiy altered by a wate-rich fluid, and tnese basalts 
are nt necessariy derived from recycled oceanic crust. 


CHEMISTR 
Ultrafast Probing of Core Hole Localization in No 
M.S. Schifter et al 

Because of quantum entanglement, the hole produced by removal 
of an inner electron from diatomic nitrogen can be localized or 
spread out, depending on the detection angle. 


CHEMISTRY 
‘Measuring Picosecond Isomerization Kinetics via. 924 
Broadband Microwave Spectroscopy 

B.C. Dian, G. G. Brown, K. O. Douglass, B. H, Pate 

‘A broadband micronave spectrometer yields rotational soecta 
rapidly enough to characterize rearrangements of viorationally 
excited molecuies. 


ECOLOG 
Hidden Neotropical Diversity: Greater Than the 928 
Sum of Its Parts 

‘M.A. Condon, S. }. Scheffer, M. L. Lewis, S.M. Swensen 
‘Molecular markers reveal that insect species 02 plants the 
cucumber family are unexpectedly diverse, snowing specificity 

{or particular hosts and even certain tissues. 

BIOPHYSICS 

Surface Tension Transport of Prey by Feeding 931 
Shorebirds: The Capillary Ratchet 

M, Prakash, D. Quéré, J. WE M. Bush 

Ashorebird moves water droplets containing prey int 
by repeatedly opening and closing its beak, relying onthe physical 
properties of water io dive the drop upward 
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Termination Factor Rho and its CofactorsNusA and 9: 
‘NusG Silence Foreign DNAin E. coli 

Ci). Cardinale et al. 

Acne bacterial potin acs broadly to terminate transcription 
in order to prevent read-tnough that can accidentally activate 
ypc deleterious vases 


Genome-Scale Proteomics Reveals Arabidopsis 938 
thaliana Gene Models and Proteome Dynamics 

K Baerenfaller etal 

The. 


idopsis proteome shits as the plant develops, and proteins 
predicted from genome analysis, some desved from introns and 
pseudogenes, ae expressed. 


Cell Identity Mediates the Response of Arabidopsis. 942 
Roots to Abiotic Stress 

1.R.Dinneny et al. 

In Arabidopsis root tps exposed to high salinity or iron deficiency, 
Castes af genes ae induced that ae unique to one or bath ofthese 
stress responses 


Early Forebrain Wiring: Genetic Dissection Using 946 
Conditional Celsr3 Mutant Mice 
L Zhouetaal. 
Acadneria molecule on the surface of guidepost neurons in 
the developing brain marks the pathway for axons to follow 
he cortex. 


cAMP-Dependent Signaling as aCore Component 949 
of the ntammalian Circadian Pacemaker 

1.5. O'Neill et al. 

Signaling through cycic adenosine monophosphate determines 

the amplitude, ahase, and period ofthe mammalian circadian clock 
aad so may be an integral part ofthe pacemaker 
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Captive cheetahs are being besieged. 


SCIENCENOW, 
wow sciencenars.org, 
HIGHLIGHTS FROM OUR DAILY NE 


‘The Mystery of the Dying Cheetahs 
Researchers are closing in on how a version of mad cow 
disease is decimating captive cheetah populations. 
Taking the Young Universe's Temperature 

‘Gas molecules from across the cosmos help to underpin 
the big bang. 

Blame It on the Beetles 

Voracious insects ruined a whole lot of dinosaur fossis 
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FAK targets p53 for degradation. 
SCIENCE SIGNALING 


wine sciencesignaling.org 
THE SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT 


PERSPECTIVE: Focal Adhesion Kinase Versus p53— 
Apoptosis or Survival? 

Wi. G. Cance and V. M. Golubowskaya 

Focal achesion kinase acts as a scaffold protein to target p53 
{or degradation in the nucleus, leading to cel roiferation. 
SST NETWATCH: Technical information 

Read entries ina new section that features onine information about 
experimental design, methods, reagents, and data analysis. 
GLOSSARY 

Find out what BDNF, NICD, anc PARL mean in the wort of 
cellsignaing, 
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‘MiSciNet: African Americans in the Scientific Workforce 
A.Sass0 

‘Many African American freshmen hope to become science majors, 
but their numbers decine in subsequent years, 

[MiSciNet: Betty Mbom 

A. Sasso 

‘Asan undergraduate, Stanford-bound Betty Mom started a 
minority mentoring program at her university, 

‘Coming to Europe 

A Swarup 

New policies aim to improve international scientists’ mobility 

into and within Europe. 

‘Science Careers Podcast: European Visa Issues 

K Travis 

‘A.uropean policy official tals about coming to Europe todo science. 
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Download the 16 May Science 
Podcastto hear about the 

the metabolic cost of 

climbing in primates, 

how shorebirds use surface 
‘tension to eat, rampant tiger 
mosquitoes, and more, 
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Manmade Sources 
of Nitrogen 


Manmade sources of biologically available nitro- 
‘gen may enhance the capacity of the ocean to 
assimilate carbon dioxide. However, this assimila- 
tion capacity is likely to be offset by the produc- 
tion of nitrous oxide, itself a potent greenhouse 
gas. Duce et al. (p. 893) review the current sta- 
tus of atmospheric emission and deposition of 
nitrogen species and its impact on the biological 
nitrogen cycle. As anthropogenic mobilization of 
nitrogen increases in many areas of the world, 
negative environmental impacts are becoming 
apparent. The distressing paradox is that parts of 
the world stil do not receive enough nitrogen to 
sustain food production. The N-related issues fac- 
ing society are numerous, complex, and inter- 
related. Galloway et al. (p. 889) review some of 
the most critical factors and propose a strategy for 
how society might manage nitrogen. 


From Folds to Wrinkles 


Thin films on fluid or eastic substrates occur in 
‘many situations on many length scales and will 
deform from their flat geometries when com- 
pressed. Bath wrinkled and folded states can 
occur, but the transition between them is not well 
understood, Pocivavsek et al. (p, 912) examine 
the compression of a set of supported membranes 
that span a range of lenath scales and stiffness 
and find a universal transition from wrinkling to 
localized folds when the compression exceeds 

of the length of the membrane. 


Cosmic Shock Waves 
Intergalactic space is filled with magnetic fields, 
‘casmic rays, and wisps of turbulent plasma. How 
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these magnetic fields arose during the evolu- 
tion of the universe is not well understood. Ryu 
et al. (p. 909) have conducted computer simu- 
lations showing that during the formation of 
the large-scale structures in the cosmos, shock 
waves created swirling regions that led to turbu- 
lent mixing. Very weak magnetic fields in the 
early universe could have been amplified by this 
turbulence, leading to the fields and structures 
we see today. These predictions should be 
testable using the nex generation of radio tele- 
scopes such as the Square Kilometer Array. 


Melting and Mixing 

the Mantle 

The geochemistry of many types of basat rch in 
‘sodium and potassium and relatively poor in cat- 
cium has been though to imply derivation from 
the Earth’s mantle containing some recycled 
oceanic crust. Pilet ef al. (p. 916; see the Per- 
‘spective by Niu) show experimentally, however, 
that many of the same signatures—both the com- 
positions of the basalts and trends with time—<can 
be produced by meting mantle that has previ- 
ously interacted with a hydrous melt or fluid, 
forming veins of hydrous minerals. These hydrous 
phases dominate the composition of early melts 
and also buffer mantle melting temperatures. 


Two Places at Once 


Molecules heavier than H, have an inner layer, 
or core, of electrons that are held more tightly to 
individual nuclei than the constantly rearranging 
‘uter-valence electrons. What happens to the 
vacancy created when one such core electron is 
expelled by a high-energy photon? Does the hole 
remain localized beside one nucleus until a 
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<< The Logic of Neurite Outgrowth 


Cannabinoid receptor 1 (CB1R) regulates neurite outgrowth, has 
important functions in central nervous system development, and is a 
drug target for several diseases. Bromberg et al. (p. 903) combined 
transcriptional profiling on DNA arrays with graph theory analysis of 
known signaling networks to explore the effects of signaling by the 
CBIR. Unexpectedly, the analysis predicted that the product of the 
breast cancer susceptibility gene BRCA1 was likely to regulate transcr 
tion factors activated during CB1R-stimulated neurite outgrowth. Fur- 
thermore, depletion of BRCA1 did indeed inhibit CB1R-stimulated 
neurite outgrowth. The transcription factor PAX6 was also regulated in 
response to cannabinoid signaling. This type of network analysis is use- 
ful to define the logic of complex signaling decision processes. 


valence electron drops dowin to flit, or does it 
spread out along the molecular axis? Schiffler 
cet al. (p. 920; see the Perspective by Ueda) use 
jon imaging to probe this question in N., deriv- 
‘ng the symmetry of the hole state based on the 
trajectory of an Auger electron emitted after 
relaxation, Depending on the angle of the Auger 
‘electron detected, the state could be described 

a either localized or delocalized, a consequence 
of quantum entanglement. 


Microwaves in a Hurry 
Rotational spectroscopy is widely used to charac- 
terize molecular structures in the gas phase, 
However, bandwidth limitations have generally 
restricted the technique to characterization of 
stable ground state geometries. Dian et al. (p. 


924; see the Perspective by Melnik and Miller) 
have devised a Fourier Transform Microwave 
Spectrometer that uses an amplified chirped 
pulse to acquire data over an 11-Gi2 spectral 
range in a single burst. Asa result, they can 
‘acquire spectra rapidly enough to probe the 
rotational dynamics of vibrationally excited mol- 
‘ecules. Specifically, they examine the rotational 
isomerization of cyclopropane carboxaldehyde 
‘about a carbon-carbon single bond after exciting 
the aldehyde CH stretch and using lineshape 
analysis, extract-mode-specifc rates less than a 
tenth as rapid as statistical theory predicts 
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Similar But Not the Same 


‘The level of species diversity in the tropics—especially among so-called cryptic species, which are 
genetically distinct but resemble other closely related species—is unclear. By sampling all morpho- 
logically simitar larvae found on plants in the cucumber family across the New World tropics with 
‘molecular markers, Condon et al. (p. 928; cover) demonstrate a much higher than expected insect 
diversity on these plants: The insects tend to be specific not only toa single plant species but within 
‘that species to a single part ofthe plant. 


Sipping with Tweezers 
‘The surface of water in a pipette is higher at the edges than in 
the center, due to the relatively stronger attraction of a water 
molecule for glass in comparison to other molecules of water. 
Prakash et al. (p. 931; see the Perspective by Denny) demon- 
strate how surface tension and cycles of opening and closing its 
beak allow the shorebird Phalaropes to transport droplets of 
‘water uphill into its mouth. A droplet of water, suspended 
between the upper and lower mandibles of a tweezers-like model of the Phalaropes beak, moves toward 
‘the hinged end as the mandibles are brought closer together, it slips back slightly as the tweezers are 
‘opened, but the net motion is still forward. Closing and opening its beak several times thus enables the 
bird to ingest the droplet of water, along with the small invertebrates contained therein. 


Keeping Foreign DNA Silent 

Bacterial genomes are densely packed, so itis critical that transcription of operons is precisely termi- 
nated to prevent transcription of downstream genes. Regulation of many Escherichia colf genes uses 
‘three factors—Rho, NusA, and NusG—that work together to promote accurate transcription termina- 
tion. Cardinale et al (p. 935) now show that this termination is required to suppress expression of toxic 
genes from cryptic prophages. The E. calf derivative strain MDS42 lacking these prophages and other 
phylogenetically unique genes is highly resistant to a Rho inhibitor and can sustain deletions of the 
essential nusA and nusG genes, Thus Rho acts globally to prevent read-through of downstream operons, 
‘to match transcriptional yield to translational needs, and to suppress expression of foreign DNA. 


Improving Imperfect Predictions 

Although the genome encodes the proteins, there is variety in the regulatory choices available in 
‘translating the genome into the proteome. Baerenfaller et al. (p. 938, published online 24 April) 
analyzed the proteome of Arabidopsis and compared it to the known genome. As expected, proteins 
were identified from many of the genes predicted from genome. However, some proteins highlighted 
‘the presence af genes nat yet predicted, for example, from sequences thought to be introns or 
pseudogenes. Further analysis of different organs and developmental stages confirms that, while the 
‘genome remains constant, the proteome shifts with development. 


Plant Responses to Salt Stress 

Detrimental levels of salt can result when agriculture is extended to marginal lands or relies on irriga- 
tion. Using the Arabidopsis root tip, Dinneny et al. (p. 942, published online 24 April; see the Perspec- 
tive by Voesenek and Pierik) examined how different cells within a tissue respond to the physiological 
stresses due to salinity. Different layers of cells, whether at the surface of the root or more internal, 
responded differently to the environmental stress of too much salt. Furthermore, stressed cells could 
influence their neighbors, and gene expression patterns changed over the duration of the stress. 


Cadherins and Guidepost Neurons 
ig The Cetsr3 gene, which encodes a cell-surface cadherin molecule, is widely expressed in neurons of 
‘the developing brain after they have migrated when they are refining their connections. Zhou et al. 
& (p. 946) prevented Celsr3 expressi a variety of specific regions of the developing mouse brain. 
2 Celsr3 expression was critical to the function of guidepost neurons—<ells that developing axons use 
Fa 
g 


as flags to find their way. n particular, the axon tracts that connect thalamus and cortex depend upon 
Celsr3 interactions as they develop. 
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Just Give Them Grants 


THE INTERDEPENDENT GOLD STANDARDS OF A SUCCESSFUL CAREER IN ACADEMIC RESEARCH 
are publication in prestigious journals and securing funding for one’s independent research. 
‘There has been much discussion among scientists and funders about how best to launch such a 
‘career and how to fill the pipeline of young scientists to sustain the momentum of science (see 
also discussions at www.sciencecareers.org). 

A major problem is that in many countries, research funding is quite constrained, so it's getting 
increasingly difficult for new investigators to secure their first grants. Asa result, investigators are 
older and older when they finally begin independent work. On average, a recipient of a Starting 
Independent Researcher Grant from the European Research Council (ERC) is 35.6 years old 
and about 6 years past eaming the Ph.D. New investigators supported by the 
‘USS. National Science Foundation are also typically 6to 7 years post-Ph.D. 
In the biomedical sciences, the average age at which an investigator first 
obtains a regular research grant from the U.S. National Institutes of Health 
(NIH) is 42 fora Ph.D. and 44 for MDs. No wonder there is concem about 
filling the pipeline of scientists. One has to wait until near middle age 
before getting one’s own research program in full gear. (Next month, the 
American Academy of Arts and Sciences will release a report on supporting 
young investigators and high-risk-high-reward research.) 

‘This prolonged wait fora grant is not the only problem. A new inves 
tigator often has to have completed two or three postdoctoral trainin; 
periods before securing a tenure-track position. As emphasized in the 
U.S. National Research Council's 2005 report, Bridges to Indepen- 
dence, this extensive post-Ph.D. training, in which one often focuses ona 
mentor's research agenda rather than one’s own, may stifle innovation and overly narrow young 
scientists’ interests. If this is true, our models for postdoctoral training need revision. 

Virtually every research funding agency has experimented with approaches to recruiting and 
funding young scientists, and many have been abandoned. Some small seed-grant programs 
‘were discarded because they didn’t provide enough resources. Some special programs have 
included mentoring components on the basis of the argument that even after substantial postdoc- 
toral training, young investigators would benefit from even more lab leadership training. And 
‘some special programs have been abandoned because their awards were more stigmatizing than. 
‘beneficial. One such example is the FIRST Award (R-29) from the NIH, given up in part because 
niany universities treated itas funding for those who couldnot get a “real” regularresearch grant, 
and thus it was not credited toward getting tenure. This argues for uniformity in how we support 
‘new investigators, instead of mounting special programs. One possibility is to review new inves- 
tigators as a group, rather than having them compete with more seasoned investigators with 
‘established track records and extensive preliminary data. 

‘What should we do? Ifthe consensus is that young scientists really needa regular research grant 
to launch their careers, why not simply tilt funding decisions more toward new investigators? 
‘After all, there are many more meritorious proposals from junior investigators—which have 
passed muster through peer review—than can be firnded. The tilt would, of course, result in fewer 
senior investigators getting finded or receiving multiple grants, but if we are genuinely concemed, 
about the pipeline, we will need to make this tradeof? 

‘Some such initiatives have begun. Last year, the proportion of NIH research grants going to 
new investigators was over 25% for the first time in nearly a decade. The ERC plans to award 
about one-third of its frontier research funding as Starting Grants. And the United Kingdom’s 
Medical Research Council is providing protected research time for younger faculty through 
‘New Investigator Research Grants. 

‘These endeavors are clearly a start, but the number of young investigators being funded is stil 
relatively small. More such efforts are needed to encourage young scientists who are contemplat- 
ing research careers and to foster innovation and creativity while they are at their peak. This would 
demonstrate real commitment of the scientific enterprise to ensuring its own continuity. 

~Alan I. Leshner 
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Wetter or Drier? 


E SCIENCE 


One expected result of global climate warming is 
an overall increase in precipitation. Not every 
place will receive more rain—some will receive 
less, even though the average should increase. 
Certain changes are already apparent in various 
regions, such as a greater frequency of extreme 
rainfall events and a higher number of rainy 
days. Anather potential change that could have 
important effects is an increase in prolonged dry 
spells, Groisman and Knight have compiled rain- 
fall data covering the last 40 years from more 
‘than 4000 carefully selected stations across the 
conterminous United States, in order to deter- 
mine if this pattern already has begun there. 
‘They find that it has. More precisely, they show 
that the mean duration of prolonged dry spells 
in the warm season has increased significantly, 
and that the return period of 1-month-long dry 
‘episodes over the eastern United States has 
decreased from 15 years to between 6 and 7 
years, Tis patter could be hazardous for terres- 
trial ecosystems and agriculture, — H]S 

1. Cimate 21, 1850 (2008) 


VIROLOGY 
Leave It to Mimi 


Acanthamoeba polyphaga mimivirus isa very 
large double-stranded DNA virus (genome size of 
11.2 megabase pairs). By examining images of 
infected amoebae with electron tomography and 
cryo-scanning election microscopy, Zuberman et 
‘al, have deduced how the genome is released from 
and packaged into the icosahedral viral capsid. 
‘Other DNA viruses have been observed 

to use a single icosahedral vertex 
both for loading DNA during 
viral biogenesis and for 
releasing it upon entering 
the host cell. In contrast, 
‘mimivirus appears to 
use two distinct por- 
tals, When feeding its 
genome into newiy 


DNA (green) 
entering through 
the viral capsid 
(redlorange) and 
membrane (bive). 


assembled viral capsids, a passageway at the cen- 
ter of an icosahedral face is used; when releasing 
its DNA, the mimivirus capsid undergoes a large 

conformational opening of five icosahedral faces 


NEUROSCIENCE 


One of the old dogmas in neuroscien 
divide and hence that their numbe 


in some areas of the adult mammalian brain, ne 
the life span of the organism. This revisionist. 


Neurogenesis and Navigation 


is that neurons in the adult mammalian brain do not 
annot increase. Recent discoveries, however, show that 


neurons are being generated throughout 
has led to the speculation that some 


kinds of information encoding may require adult neurogenesis. Adult-born neurons have 


been hypothesized to play a role in spatial 
hippocampus, buta a 

unequivocally documented 

Dupret etal. gen 

protein Baxin neural precursor 
newly born cells in the 

tional processing of spatial in 
when tested on simpler forms of spatial kn 
memory could be acquired without the hipp. 


around a single vertex. This so-called stargate 
serves as a membrane-fined sleeve through which 
the whole viral genome can escape promptly 
after infection. These entry and exit strate- 
gies may also be used by other large DNA- 
containing viruses, especially those that, 
like mimivirus, contain an internal mem- 
brane and encode proteins related to the 
DNA-packaging ATPases that are involved 
in bacterial DNA segregation, anather 
process during which a large amount of DNA 
passes through a membrane portal. — SMH 
LOS Biol. 6, €114 (2008), 


CHEMISTRY 
Start Smart 


Palladium(0) complexes are widely used as 
homogeneous catalysts for formation of carbon- 
carbon, carbon-axygen, and carbon-nitragen 


d transgenic mice that selectivel 
isin an inducible manner. O 
dult dentate gyrus and caused a strong deterioration in the rela- 
imation in the Morris w 


memory formation in the dentate gyrus of the 
al relation between neurogenesis and spatial memory has not been 


‘overexpressed the pro-apoptotic 
expression of Bax removed 


er maze. Animals were unaffected 
cdge; nor were they affected in tasks where 

ampus. — PRS 

©1959 (2008) 


3, 


bonds. In general, the active catalysts are too 
unstable to store, and so precursors [often in 
the Pd(ll) oxidation state] are prepared with 
stabilizing ligands that dissociate under the 
reaction conditions. However, the mechanisms 
and efficiency whereby these precursors trans 
form into active catalysts have largely gone 
unaddressed, as has the potentially inhibitory 
effect of the stabilizing ligands left behind in 
the reaction solution. Biscoe ef al. undertook a 
‘more careful approach by synthesizing a stable 
Pall) precursor complex resembling a reaction 
intermediate along the catalytic cycle. In three 
efficient steps, they appended a cyclometalated 
phenyl ring with a tethered chelating amine 
‘group to the Pa center. Exposure of th 
precatalyst to basic reaction conditions in the 
presence of ary chlorides and amines led to 
rapid liberation of the protective ligand as an 
inert dihydraindole, leaving the resultant Pd(0) 
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complex free to proceed with a similar C-N cou- 
pling cycle of the bulk reagents. In comparison 
with traditional precatalyst, these complexes 
dramatically accelerated coupling reactions (in 
‘one case from 4 days to 4 hours), allowing load- 
ings below 1 mol % and reaction temperatures 
at or below 25°C for sensitive substrates, The 
absence of interfering precatalyst ligands also 
facilitated clear mechanistic studies. — JSY 
414m. Chem Soc. 130, 10:1021/j801137¢ (2008). 


ecotocy 
Deterministic Competition 


The neutral theory of ecological community 
composition, which holds that species are inter- 
changeable, has in recent years become a 
benchmark against which to test ecological 
data for signs of more niche-based mechanisms 
of species coexistence. Using data on tree 
species abundance in a Mexican tropical decid- 
uous forest, Kelly et at. show that closely 
related pairs of species are more simitar in 
abundance to each other than would be 
expected by chance, and also more similar in 
abundance than more distantly related species. 
This analysis suggests that closely related 
species interact with each other in different 
ways than do more distantly related or unre- 
lated pairs—and hence argues against an 
important tenet of neutral theory. — AMS 
Ecology 89, 962 2008). 


siomareniats 
Bridging the Gap 


Peripheral nerves can be severed by injury or 
siurgical procedures. For large gaps, the only 
clinical route to repair is through the use of 
autografts. However, this option requires a sec- 
‘ond surgical procedure with potential complica- 


tions at the donor site and there isa limit on the 
‘number of suitable donor sites, as only motor or 
mixed nerves make suitable donors, whereas 
purely sensory nerves do not. Kim et at. fabri- 
cated films of an electrospun polymer, with 
either aligned or randomly distributed fibers 
that were stacked into thicker constructs. Studies 
were conducted on rats with 17-mm nerve gaps 
using both constructs, as well as autografts and 


wennsciencemag.org SCIENCE VOL320 


EDITORS'CHOICE 


saline injections as controls. The polymer films 
with randomly oriented fibers showed poor axon 
growth. In contrast, the aligned fibers helped 
facilitate nerve regeneration with the propaga~ 
tion of Schwann cells from both nerve stumps. 
‘Axons were found to grow from the proximal 
stump, but only in places where the Schwann, 
cells had migrated. The aligned constructs were 
almost as effective as the autografts in restoring 
muscle functionality, but the pattern of nerve 
regeneration differed between those grown on 
the polymer and the autografts or normal 
nerves, and there was greater electrical signal 
latency. Overall, the work shows that topography 
of a graft, without the addition of neurotrophic 
factors or cell transplants, may be enough to 
induce nerve regeneration. — MSL 

Siomateriais 29, 10.1016! 
aierias.2008.03.042 (2008) 


may) 


Another Twist in the 
Extrathymic Tale 


‘8 T cells are descended from progenitors within 
the thymus, yet additional sites of lymphogene- 
sis may also exist, most notably the mucosa of 
the gut. A decade ago, compelling evidence for 
intestinal extrathymic oi T cell development 
appeared with the report of small gut lymphoid 
aggregates called cryptopatches (CPs) that con- 
tained progenitors able to repopulate the Tell 
compartments of a mouse. Then, a fev years 
ago, controversy was ignited by an elaborate 
fate-mapping study that concluded that all intes- 
tinal oB T cells are thymus-derived afterall. In 
that study, the transcription factor retinoic acid— 
related orphan receptor 7t (RORY!) was required 
for both gut and thymic T cell development, but 
this could be uncoupled from CP development 
and function. Thus, it was concluded that CPs are 
not genuine sites of lymphocyte development, 
but rather are lymphoid aggregates, induced by 
lymphoid tissue~inducing (LTD cells and required 
for intestinal immune responses. 

Naito et al. have performed further detailed 
analyses of the same engineered mouse strains 
used in the second study and find that CPs har- 
bor a more complex mix of cells than was origi- 
nally apparent, of which only a minority are 
actually Liste. Indeed, many CP cells with 
absent or minimal RORYt expression displayed 
the telltale signs of differentiating T cells, even 
in animals that did not possess a thymus. The 
«ase for extrathymic of Tell development may 
now be re-reinforced, but we still remain some 
way from understanding the function of these 
unusual T cells. — 5} 

‘mucosal imeaunol. 1,198 (2008). 
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Tones From 
Ancient Greece 


‘The strings ofa helikon, a gadget invented by 
Prolemy to probe musical scales, sounded last 
week forthe first time in almost 2 millennia at 
the University of Cambridge in the U.K. 

Andrew Barker, a musicologist at the 
University of Birmingham, U.K, built the instru- 
ment from a description in Harmonics, 
Prolemy’s 2nd century treatise on the mathe 
matics of music, Ancient scholars considered the 
study of harmonics vital in understanding the 
‘mathematical rules that they believed governed 
‘the universe, He unveiled it as part of 
Cambridge's Science of Musical Sound Project 

Barker says the 1-meter-long wooden instru= 
‘ment with eight metal strings allows scientists to 
test “complete scales constructed on the basis of 
‘mathematical principles.” The helikon creates 
different pitches with a calibrated stiding 
bridge, which can be inserted diagonally to 
shorten strings to different lengths. Strings can 
also be moved crosswise to raise oF lower the 
range of pitches. Barker, who showed how the 
adjustments produce different intervals when 
the gadget is plucked, admits that it's not 
designed for musicmaking. Stil, he says he was 
delighted that it worked at all 


Cambridge historian Torben Rees, a profes- 
sional jazz singer, called Barker's presentation 
“a fascinating account of ancient thinking 
concerning harmonics.” Music, he says, was 
regarded as “the sensible expression of the 
order of the cosmos. This conception of the 
universe ... was essentially the birth of mathe- 
matical physics.” 


NV 
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Magellan and El Nifio 


Ever since Ferdinand Magellan's fleet sailed around the world, historians have wondered why 
the great navigator took such an inefficient route across the Pacific. Two anthropologists have 
combined history, oceanography, and computer modeling to Lay the blame on El Nifo. 

After passing through the Strat of Magellan at the tip of South America in late November 
1520, Magellan planned to sail to the Moluccas, the equatorial “Spice Islands” west of New 
Guinea. Instead, he made landfall on Guam, more than 1500 kilometers tothe northeast. 

Why the detour? Scott M. Fitzpatrick of North Carolina State University in Raleigh and 
Richard Callaghan of the University of Calgary in Canada say computer simulations and histor- 
ical accounts suggest that unusually calm weather, brought on by an El Niio event, allowed the 
ships to sail northirard up the coast of Chile before heading west, Magellan had heard reports 
‘of 2 lack of food in the Moluccas—possibly due to drought and famines associated with El 
Nitio—and may have wanted to reprovision the ship farther north before heading there, the 
authors suggest in an article in press in the Journal of Pacific History. “This could be the earli- 
est historical record of an [El Nino] event,” Fitzpatrick says. 

“None of us could understand hor [sagen] managed to sal so far north, unless he simply 
had no idea where the Moluccas were,” says Micronesian historian Francis Hezel, director of the 
icronesian Seminar in Micronesia. “Tis article at least furnishes us with a coherent explanation for 
what abvays seemed to me to be not much more than a drift voyage across the Pacific,” 


‘ts main meals stars,” say its creators, Lakshmi 
Piette and Catherine Duffell. The project was 
cosponsored by the Medical Research Council, 
Royal Albert Hall, and Durham Univesity. 


Cosmic Strangeglove 


keratinocyte Ueft inspired the red hand shape 
‘of the Red Hote (ight), one of 300 works dis- 
played at the Royal Albert 
Hall this month. The painting, 
by twa 9-year-olds a St. 
Godric’s RCVA Primary School 
‘in Durham, U.K, was.a run- 
ner-upin Scopic, a contest for 
schoolchildren in London and 
‘County Durham to create art 
based on a favorite scientific 
image. “The Red Hote wil 
consume anything, including 
satellites and novas, although 
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Pioneers 


HAT TRICK. When Frances Amold was growing up, her parents told her that she 
could achieve whatever she set her mind to. Last week, the 51-year-old chemical 
engineer and biochemist proved them right by becoming the first woman, and 
eighth living scientist, to be elected to all three of the U.S. National Academies. 

‘A professor at the California Institute of Technology in Pasadena, Amold helped 
develop a technique called “directed evolution” in which promising strands of par- 
ent proteins are either mutated or recombined to create new proteins. “[[ had] to 
make better proteins in tenure-clock time,” she explains. Amold has engineered 
bacterial proteins that mimic human proteins for use in drug development and is 
‘working on enzymes that break down cellulose for use in biofuels. “Ican alter any- 
thing that’s encoded in DNA,” she says. “The algorithm of evolution fits everything 
in biology; there is no such algorithm in other fields.” 

Amold’s induction last week into the National Academy of Sciences was pre- 
ceded by her joining the National Academy of Engineering (NAE) in 2000 and the 
Institute of Medicine in 2004. Her father, nuclear physicist and NAE member 
William Howard Amold. “was the most excited ofall,” she says. “He thinks its great 
that [have so much fun with science.” 


FACT AND FICTION 


A MATTER OF DEGREES. One of the most 
telling statistics cited in an influential 2005 
National Academies report to argue for an 
increased federal investment in U.S. science 
is that “there were almost twice as many U.S. 


Physics (PI) in Waterloo, Canada, which has 
been leaderless for nearly a year. “The combi- 
nation of Neil and PI is brillant and holds great 
see promise,” says 
Stephen Hawking, one 
of Turok’s Cambridge 


‘and encourage people to tackle hard ques 
tions,” says Turok, who in 2003 founded the 
Alrican Institute for Mathematical Sciences 
(AIMS) in Cape Town, South Africa, to train the 
continent's best math students (Science, 2 May, 
1. 604). AISIS and PI “are similar in many 


physics bachelor’s degrees awarded in 1956 colleagues. Turok suc-_| ways,” he says. “They are small, dynamic insti- 
[pre-Sputnik] than in 2004.” The decline is ceeds theoretical tutes with an international outlook.” 
evidence that U.S. students are abandoning physicist Howard Turok wants to triple the sizeof the institute, 
science, say policymakers including Tom Burton, who stepped | created with a $75 million gift from Mihal 
Luce, head of the National Math and Science down inJune 2007 | “Mike” Lazariis, whose company makes the 
Initiative. NMSI sponsored a meeting last after failing to agree | BlackBerry, from its current faculty of seven 
‘month in Washington, D.C., to take stock of tothe terms of anew | and encourage more visiting researchers with 
hhow well the country has done since the contract. an associates program. “it's not obvious that 
2005 report. But those data, itturns out, are | “Plan belike a magnet tothe brightest | it's going to work, but that's what makes it 
dead wrong. people in the world:... you have to make space | interesting,” says Turok. 

5 In reality, U.S. colleges and universities —— 

§ awarded 72% more undergraduate physics 5 

2 degrees in 2004 than in 1956—4965 ver- NONPROFIT WORLD >> i 

§ sus 2883, Sliced another way, degree pro-- SHEPHERDING CATS. Alan Rabinowitz is leading a 5 

duction has risen by 40% since hitting a__migration of experts on big cals from the Wildlife { 

© post-Sputnik low in 1998 and is approach-.__ Conservation Society (WCS) to Panthera, a New York = 

= ing levels not seen since the late 1960s, City-based nonprofit that promotes the conservation of 

E hen a series of large graduating classes all 36 species of wild cats. 

E triggered a serious job crunch. Rabinowitz, 54, has spent his entire career at WCS, where 

= “Academy officials say they don’t know how he ran the society's science and exploration division. But he 

E the error occured, butts nat the ist time became frustrated by the bureaucracy atthe $185 milion 

5 that Rising Above the Gathering Storm has nonprofit, which runs four New York 200s and works in 

2 sounded a false note in its scientific call to 53 countries, “m completely free to play to my passions,” 

& arms: ts first edition, since corrected, greatly Rabinowitz says about his new job, which he began last, 

= inflated how many engineers graduate each month. He's now overseeing Panthera's budget of $6.4 mil- 

E year from Chinese and Indian schools. lion, including $400,000 in grants for wild cat research, 

3 As part of his move, Rabinowitz has hired Luke 
MOVERS Hunter, a specialist in African cats, and famed mam- 


@ THEORISTS’ ENCLAVE. University of 

E Cambridge cosmologist Neil Turok has agreed 
to head the Perimeter Institute for Theoretical 
2 


Got a tip for this page? E-mail p 


malogist George Schaller from WCS. But he hasn't sev- 
ered all ties with his former employer: One of his goals 
is to help WCS and other large organizations work 
together on cat conservation. 
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Fermilab Sends Energy Department 
Final Plan to Lay Off 7% of Staff 


BATAVIA, ILLINOIS—The uncer- 
tainty has been the worst part, 
says Rick Tesarek, a physicist 
here at Fermi National Acceler- 
ator Laboratory (Fermilab). He 
and his 1950 fellow employees 
have been wondering who 
among them will lose their jobs 
in layoffs forced by budget 
ccuts late last year (Science, 11 Jan- 
uary, p. 142). “This has been 
hanging over us for so long 
now that morale around the 
Jab is starting to plummet,” 
Tesarek says. “We've been 
waiting since December.” 

‘The wait is nearly over. On 
25 April, officials at the particle 
physics lab submitted their final 
plans for the layoffs to the 
US. Department of Energy (DOE) 
for approval. About 140 scien- 
tists, engineers, technicians, and other staff 
will receive pink slips in a 3-day process 
that could begin as early as next week. 
Roughly 60 more employees have accepted 
retirement or left because their term posi- 


ANTHROPOLOGY 


Regretful. Fermilab's director, Piermaria Oddone, says budget 
cus leave the lab “no choice” but to lay off employees. 


tions were not renewed. “We have to do 

what we have to do to ensure the health of 

the institution,” says Fermilab Director 

Piermaria Oddone. “I feel terrible about it. 
. There is no choice.” 


Chinese Cancel International Meeting 


‘The Chinese government last week can- 
celed a major anthropology meeting 
scheduled for July in what appears to be a 
case of pre-Olympics jitters. 

More than 4000 anthropologists had 
signed up to attend the World Congress of 
the International Union of Anthropologi- 
cal and Ethnological Sciences (TUAES) in 
July in the southwestern Chinese city of 
Kunming. But on 6 May, the Chinese 
group hosting the conference told organiz~ 
ers it had encountered “complex difficul- 
ties” that would necessitate postponing the 
meeting. The next day, the group issued a 
letter saying that those difficulties had 


proven to be “unconquerable” 

‘The sudden cancellation was “a huge 
surprise,” says sociologist Peter Nas of 
Leiden University in the Netherlands, 
secretary-general of IUAES. “Nobody 
expected this. Everything was going very 
smoothly.” He says that the Chinese offi: 
cials said that there were “economic rea- 
sons” for the decision but would not elab- 
orate. An official at the Chinese Academy 
of Social Sciences, which is serving as 
the host, told Science that “we are not 
well prepared.” 

Nas says he hopes the executive com- 
mittee will discuss the problem in August 


Femnilab officials have been hoping for 
an 11th-hour reprieve from the U.S. Con- 
gress. As Science went to press, the Senate 
version ofa bill to fiand the war in Iraq also 
contained $45 million for DOE particle 
physics that could be spent this year to avert 
the layoffs. But the House version of the bill 
provides no money for the lab, and it’s not 
clear what version will finally prevail 
Given that uncertainty, Oddone says that he 
must proceed with the layoffs. 

‘The cuts were forced when, in Decem- 
ber, Congress passed a budget for fiscal 
year 2008 that slashed the lab’s funding 
from a requested $372 million to $320 mil- 
lion, $22 million less than it had received 
the year before. The budget cuts specifi- 
cally targeted funding for research and 
development on the proposed multibillion- 
dollar International Linear Collider; 
research on a superconducting accelerator 
technology known as SRF; and a proposed 
neutrino experiment called NOVA, which 
would have been the lab’s biggest experi- 
ment once its Tevatron collider shuts down 
by the end of the decade. The staff cuts, 
however, will be spread across the lab, 
Oddone says. 

In addition to the layoffs, in February, 
Fermilab instituted a rolling furlough that 
requires salaried employees to take 1 week 
out of every 2 months as unpaid leave. 
(Hourly employees take their furloughs a 
few hours at a time.) The scheme, which > 


at a European anthropology convocation 
in Slovenia. The union’s Web site mentions 
July 2009 as a possible date. 

‘The meeting is held every 5 years at a 
different location. Some scientists have 
speculated that Chinese officials were 
worried that planned discussions about 
minority ethnic groups and issues relating 
to human rights could spark further unrest 
over Tibet, especially because there is a 
Tibetan enclave in Yunnan Province near 
Kunming. Travel to Tibet has been 
sharply restricted, and last month new 
visa rules were tightened. However, two 
international scientific meetings planned 
for just before the Olympics—on range- 
Jands and on the solar eclipse—are going 
ahead as planned. 


CONSTANCE HOLDEN, 
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will continue until the end of the year, has 
enabled the lab to keep the Tevatron run- 
ning. But it has also made work much more 
difficult, says physicist William Wester. 
“The furlough is 10% of your time, but effi- 
ciency has gone down way more than 
10% because you're gone one week and 


SCIENTIFIC HONORS 


The mosquito that's 


conquering the 
world 


then the next week the person you're work 
ing with is gone,” he says. 

‘Many researchers say they'll be relieved 
when the cuts are finally done. But Stephen 
Pordes, a physicist at the lab, warns that 
those who elude the ax should not under- 
estimate the impact of watching friends and 


The Cost of a Genuine Collaboration 


Most scientists would be thrilled to hear 
from the U.S. National Academy of Sei- 
ences (NAS) that they had just been 
elected to the prestigious organization 
But when geneticist Nancy Jenkins got the 
call on 29 April, her reaction was more cir- 
cumspect than jubilant. “What about 
Neal?” she asked. Chagrined to find that 
her husband and longtime scientific part- 
ner, geneticist Neal Copeland, was not on 
the list, Jenkins decided to strike a blow 
for true scientific coupledom and turn 
down the invitation. 

“The problem for me is that my husband 
and [run the lab together as a husband-and- 
wife team,” she explained in a 
4 May letter to the academy's 
home secretary, John Brauman. 
“It is impossible to separate 
my contributions from Neal's 
as we did everything together 
onan equal basis. ... Some- 
day, if both of us have a 
chance to accept this honor 
together, it would be the high- 
light of ourscientific careers.” 

Jenkins and Copeland are 
specialists in developing 
mouse models of human dis- 
ease. They have followed 
identical scientific paths: 
After meeting 30 years ago as 
postdocs at Harvard Univer- 
sity, they shared a lab at the 
US. National Cancer Institute 
for 22 years before moving 
together in 2006 to the Insti- 
3 tute of Molecular and Cell 
E Biology in Singapore. The two 
3 say that the academy should 
© change its rules to recognize 
§ scientific couples and, more 


generally, research teams, as appropriate 
“If somebody has worked their whole career 
side by side with another person, it doesn’t 
make sense not to honor them together,” 
says Jenkins. 

‘Brauman says that the current standard of 
electing only individuals works well, adding 
that itis not impossible to separate the achieve- 
ments of two partners. “Everybody recognizes 
that [Jenkins and Copeland] have made equally 
important contributions,” he says. “But they 
are not clones. They don’t do exactly the same 
thing” Brauman also says its extremely diffi- 
cult to find room in each annual class of 72 to 


honor scientists from the same field. 


Teammates. Nancy Jenkins and Neal Copeland tate a stand for science couples. 


Synthetic 
chemistry clicks 


colleagues lose their jobs. “It's going to be 
painful to be here even if one survives,” he 
says. Those laid off receive 2 weeks of paid 
Jeave with which to start hunting for another 
job. Those who remain face the task of 
rebuilding the lab’s future 


ADRIAN CHO 


This year was not the first time the 
academy has faced this situation. Neurobi- 
ologist Lily Jan delayed accepting her 
1995 election because her husband and lab 
partner, Yuh Nung Jan, had not been cho- 
sen. “I was told that I [would] have 1 year 
to make the decision ... and that there 
[was] a good chance that Yuh Nung 
[would] be elected by then,” says Jan, who 
is a professor at the University of Califor- 
nia, San Francisco. He was, she adds, “and 
so we both joined NAS that year.” 

Some NAS colleagues counseled 
Jenkins to take a similar tack. “They said, 
“Oh, don’t be silly, Neal will get in, be a 
good sport,’” she says, Butshe felta larger 
principle was at stake. “The face of science 
has changed. ... There are more women 
today and more husband-wife teams like 
us,” she says. “This kind of 
thing is going to happen more 
often in the future.” 

More important, Jenkins 
says, accepting the honor 
solo would have betrayed a 
tacit agreement the two 
struck before they were mar- 
ried and got their first aca- 
demic jobs at the Jackson 

Laboratory in Bar Harbor, 
Maine. “We had to decide: 
Are we going to have sepa- 
rate labs and compete, or are 
we going to collaborate?” 
says Copeland. “We realized 
that if we competed even the 
slightest bit, we wouldn't stay 
married for long. 

The two decided to be- 
come a team, alternating as 

last author on every one of 
their more than 750 papers. 
“I's a constant give and take,” 
says Jenkins. “We wouldn't 
have it any other way.” 
~YUDHIJIT BHATTACHARJEE 
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Price Is the Main Barrier to Wider 
Use of Papillomavirus Vaccine 


At its debut 2 years ago, a vaccine that pre- 
vents cervical cancer was heralded as a pub- 
lic health breakthrough that could poten- 
tially save millions of women’s lives. Yet 
although the vaccine is now given routinely 
to young girls in the United States and 
Europe, it hasn't been deployed in poorer 
countries, where it could make a bigger dif- 
ference. This week at a meeting” in Mexico 
City, health officials and researchers are 
launching a campaign to introduce the vac- 
cine in Latin America, the first region in the 
developing world likely to benefit. 

Many issues are unresolved, including 
‘whether health care systems are ready for the 
‘vaccine and whether conservative groups will 
oppose it. The biggest hurdle, however, is 
cost. Conference organizers hope that with 
new data on human papillomavirus infection 
and the vaccine’s potential benefits, Latin 
American health officials can persuade their 
governments to negotiate with the two com- 
panies that manufacture HPV vaccines to 
lower the price, now $360 for three doses. The 
meeting will “send a strong message” about 
demand, says epidemiologist Jon Andrus of 
the Pan American Health Organization 
(PAHO) in Washington, D.C., cosponsor. 

Cervical cancer is associated with HPV, 
‘Towards Comprehensive Cervical Cancer Prevention and 


Control, Region of the Americas, 12-13 May 2008, 
Mexico City, Mexico. 


the most common sexually transmitted dis- 
ase. Clinical trials have shown that two HPV 
‘vaccines, made by Merck and GlaxoSmithKline 
(GSK), are at least 95% effective in prevent 
ing persistent HPV infection by the two main 
types that cause cervical cancer (HPV-16 and 
HPV-18) (Science, 29 April 2005, p. 618) 
Because screening—using Pap smears— 
catches most cervical cancer in industrialized 
countries, the HPV vaccines won't make 
much of a dent in cancer cases. But disease is 
much more common in the developing world, 
where screening often falls short. About 85% 
of the 270,000 deaths from cervical cancer 
each year occur in these countries. 

To prepare for the Mexico meeting, an 
international team of researchers pooled data 
from 15 years’ worth of studies on HPV in 
Latin America and the Caribbean. Their meta- 
analysis of 118 studies, including data on 
33,000 healthy women, found that the HPV 
infection rate averages 19%, with wide varia- 
tion—from 13% in Mexico to twice that in 
Costa Rica. (Prevalence is 27% in the United 
States.) Women with cervical cancer were 
almost invariably infected with HPV: HPV- 16 
and HPV-18 accounted for 59% of cases in 
the region. That means that the Merck and 
GSK vaccines could prevent 500,000 deaths 
if given over 10 years to 70% of 12-year-old 
girls, the researchers found. 

Health officials in the developing world 


Anticancer shot. Health experts hope that the HPV 
vaccine, given routinely in the United States, wil 
‘become affordable for Latin American countries. 


are questioning whether they can afford the 
price. HPV vaccination would reduce the bur- 
den of cancer treatment and cut back on 
screening—a woman might need to be tested 
three times in her lifetime, the analysis by the 
international team notes. Even so, the bene- 
fits would be worth the costs only if the vac~ 
cine’s price comes down. Even at $25 for the 
three doses, adding HPV vaccine to the stan- 
dard inoculation regime would cost $290 mil- 
Tion over 5 years. 

Health experts expect that the companies 
will offer a discount, as they did in 2005, 
when they agreed to bulk sales of a new 
rotavirus vaccine aimed at preventing child- 
hood diarrhea (Science, 24 September 2004, 
p. 1890). First, the World Health Organiza- 
tion (WHO) would need to prequalify the 
vaccines based on information submitted last 
year by the manufacturers. Then PAHO 
‘could begin negotiating. 

If Latin American countries buy the vac- 
cine, they will move on tothe challenge of get- 
ting it to young girls. This group is older than 
the one that receives traditional childhood vac- 
cines, so health officials will likely introduce 
the HPV vaccine in schools. Latin America is 
up to the challenge, says Ciro de Quadros, 
executive vice president of the Sabin Vaccine 
Institute in Washington, D.C., and one of the 
meeting organizers. He points to the region's 
success with other vaccines, including nearly 
eradicating rubella since 1998 by vaccinating 
people up to 40 years old. “We hope HPV will 
be the same,” he says. 

It’s still unknown whether the HPV vac- 
cine will draw opposition, as it did in the 
United States. Some US. religious groups 
initially opposed it as condoning sexual 
activity by girls. But once the vaceine was 
widely introduced, notes Scott Wittet of the 
Seattle, Washington-based Program for 
Appropriate Technology in Health, those 
opponents had little influence. In a pilot pro} 
ect to explore introducing the HPV vaccine 
in Vietnam, Uganda, India, and Peru, this 
form of opposition has not been a problem so 
far, says Wittet. “Once people understand the 
issues, it's not a hard sell” 

WHO will likely issue its decision on pre- 
qualifying the two vaccines within a few 
months, Andrus says. Also later this year, 
WHO and PAHO advisory councils will dis- 
cuss guidelines on administering HPV vac- 
cines. Assuming that they issue strong recom- 
mendations, Andrus says, price negotiations 
should soon follow. JOCELYN KAISER. 
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ITALY 


A Plea for ‘Transparent’ Funding 


‘A furor over political meddling in grants for 
stem cell research in Italy has erupted into a 
‘broad protest about favoritism and the lack of 
peer review in deciding who receives national 
science funding. Researchers in fields from 
astrophysics to oncology have endorsed a peti- 
tion, written by Italian scientists and published 
in March ina national newspaper, that asks the 
government to authorize a new agency to allo- 
cate research funds independently and trans- 
parently. “in Italy, only 2 small proportion of 
the funds for scientific research is assigned 
according to a peer-review process. ... It is 
high time that an evaluation system which 
assures science’s success is translated into state 
Jaws and regulations,” the petition declares. 

‘A new plea from the petition’s authors 
‘appeared in the same newspaper on 1 May; 
over the past few weeks, more than 1500 Ital- 
jan researchers have signed the appeal, which 
was addressed to Italy's president, Giorgio 
‘Napolitano. He has publicly endorsed their 
request but has little authority to advance it 
within the government. The petition may also 
hit a dead end, as newly elected Prime Minis- 
ter Silvio Berlusconi barely mentioned 
science in his campaign. 

‘The furor started last year when some 
prominent scientists were outraged to learn 
that the €3 million for stem cell research 
‘budgeted in Italy’s 2007 national finance act 
had already been allocated; an unofficial list 
of awardees was leaked to the scientific 
community, although it has yet to be 
released by the Italian Institute for Health 
Research, which oversees the funds (Science, 
30 November 2007, p. 1359). “We never 
‘saw a call for application or any other offi- 
cial, public announcement of the initiative 
and of how it would be managed” says stem 
cell researcher Paolo Bianco of the Univer- 
sity of Rome “La Sapienza.” 

‘Denying that the stem cell money has 
already been awarded, Italy’s minister of 
health, Livia Turco, has promised that the 
funds would not be assigned without public 
competition and peer review. But no calls for 

& grant applications have been announced. 

i ‘Disappointment with Italy's distribution of | 
¢ 

Fa 


research finds extends beyond stem cell sci 

ence. Two weeks ago, economist Andrea 

Ichino of the University of Bologna penned an 
§ eitoral in the newspaper Il Sole 24 Ore say- 
& ing that his field of statistical and economic 
& publicresearch suffered from a similar lack of 
§ transparency. Jobs and grants, he claimed, are 
& awarded mainly without peer evaluation. 


‘Some scientists are now concerned that a 
new law designed to centralize university 
grants distribution, scheduled to go into force 
this year, may farther increase favoritism and 
politicians’ influence. “I fear this is the way 
research will be managed from now on," says 
stem cell researcher Ranieri Cancedda of the 
University of Genova. 

Part of the concern about the new law is 
that Fabio Mussi, the minister of universities 
and research, has not yet provided rules gov- 
eming allocations and public competitions 
for the so-called FIRST fund, which totals 
-€300 million for 2008 and €360 million for 
2009. An online document attributed to 
Italy's Ministry of Research also worries 
some researchers. It says that 70% of the 
newly created fund will be for strategic 


Pleas. Scientists are petitioning Malian President 
Giorgio Napolitano (eft) and Prime Minister Silvia 
Berlusconi (ight). 


research on topics decided by government 
officials rather than projects submitted by 
scientists and chosen through peer review. 
Yet Francesco Beltrame, head of one of the 
scientific commissions of the Ministry of 
Research, tells Science that the online docu- 
‘ment does not reflect how the ministry plans to 
distribute FIRST finds, which he says will be 
distributed both by public competitions and 
“negotiation” between government and 
research institutions. As Italy waits to see how 
Berlusconi reshuffles government ministries, 
the country’s scientists say they will continue 
to demand more transparency in how research 
‘money is awarded. “Every time public funds 
for scientific research are assigned by the 
national orregional goverment without a for- 
‘mal and regulated peer-review process,” says 
Elena Cattaneo of the University of Milan, 
trustin the system is “undermined.” 
LAURA MARGOTTIN: 
awa Margotnis a elance wie based in London UK 


JIENCE SCOPE 


Testing Stem Cell Waters 


Proposed legislation to overturn federal restric 
tions on embryonic stem cell research would 
ive the National Institutes of Health (NIH) 
authority to ensure the ethical conduct ofall 
U.S. stem cell research, regardless ofits funding 
source. Representative Diana DeGette (0-CO) 
announced last week ata hearing of the House 
Energy and Commerce health subcommittee 
that she plans to include this feature when she 
reintroduces a bill this summer to expand the 
‘number of human embryonic stem cell fines 
available to federally funded researchers. A 
previous measure was twice passed by Congress 
and vetoed by President George W. Bush. 

Her idea won the support of NIH Director 
Elias Zerhouni, who testified at the hearing, 
“itwould be shortsighted not to oversee [stem 
«ell science] at a federal level,” Zerhouni said, 
nes for the use of 
recombinant DNA and gene therapy as a 
model, DeGette and cosponsor Michael Castle 
(R-DE) are still drafting the House bill 

“ELSA YOUNGSTEADT 


NASA Calls Back Weiler 


Inthe midst of a budget crisis, NASA has 
turned to an experienced insider. Last week, 
NASA Administrator Michael Griffin named 
Edward Weiler as the associate administrator 
of the Science Mission Directorate. Weiler was 
made acting chief 6 weeks ago after S. Alan 
Stern resigned. 

Weiler most recently served as head of 
NASA's Goddard Space Flight Centerin Green- 
belt, Maryland, after spending 6 years running 
the science program at headquarters. The 
blunt-speaking astrophysicist faces rising costs 
in a host of missions, a flat budget, and a fight 
among scientists over whether NASA should 
focus on Mars or outer planet exploration. 

Senator Barbara Mikulski (D-MD) is hop- 
ing to make Weiler's job alittle bit easier with 
‘8 $200 million addition to NASA's 2008 
budget that would pay back science and other 
programs tapped after the 2003 Columbia 
disaster, Her proposal is part of a Senate 
spending measure to fund the Iraq war that 
was expected to be voted out of committee 
this week, Its House counterpart contains no 
money for the space agency, however, mean 
ing that the boost may not materialize. 

‘The Senate bill also contains $400 million 
for the National Institutes of Health and 
200 million for the National Science Founda 
tion. Legislators have calculated that the adi- 
tional funds could support 700 and 500 more 
grants, respectively. But once again, the money's 
not in the House version ANDREW LAWLER. 
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PUBLIC HEALTH 


Staggering Toward a Global 
Strategy on Alcohol Abuse 


Alcohol is about to get the type of attention 
usually reserved for AIDS and malaria 
Next week, the World Health Organization 
(WHO) in Geneva, Switzerland, will take 
steps toward launching the first global 
assault on the harms associated with drink- 
ing. I's a bold move, but it may not be bold 
enough. Although recent data indicate that 
alcohol abuse is a major killer worldwide, 
some experts feel that objections from 
‘member states and the involvement of the 
alcohol industry have weak- 
ened a resolution intended 
to kick-start a WHO-led 
offensive. Others wonder 
whether WHO has the re- 
sources to make such a strat- 
egy effective—or whether 
the agency should be focus- 
ing on other problems. 

“A resolution is all very 
well, but it still takes a sub- 
stantial commitment ... for 
this to be translated into a 
substantial and lasting pro- 
gram of work,” says Robin 
Room, an alcohol policy 
expert at the University of 
Melbourne in Australia and a 
Jong-term observer of WHO. 


This isn’t the first time WHO has flirted 
with an alcohol strategy. In 1983, the 
agency called on member states to 
strengthen their national alcohol poli- 
cies—emphasizing a regional rather than 
global approach to the problem—but the 
words “fell on stony ground.” says Room. 
“Alcohol has been a politically touchy 
thing for WHO to deal with.” Room notes, 
saying that the United States threatened to 
withhold funds from WHO in the 1980s if 


Global toll. As a percentage ofall risk factors that cause il health, alcohol ranks high in 
‘many parts ofthe world, with developing countries bearing much of the burden. 


Health hazard.San people buy alcohol ina Namibian 
trading tore. Harmful drinking is especially dangerous 
in poorer countries. 


it pursued policies hostile to private enter- 
prise. For a time, alcohol “dropped off 
WHO's agenda.” 

‘Then came WHO's World Health Report 
2002. Drawing on various studies, includ- 
ing WHO's Global Burden of Disease proj- 
ect, the report concluded that alcohol was 
the fifth leading canse of death and disabil- 
ity worldwide. It beat out sanitation prob- 
Jems and high cholesterol and ranked just 
behind malnutrition and unsafe sex. Aleo- 
hol was as dangerous as tobacco, the report 
found—the source of up to 30% of various 
cancers and neurological disorders, and it 
had significant secondary dangers as well, 
leading to high rates of spousal abuse and 
homicide. Most devastating, however, was 
the conclusion that alcohol was the top 
cause of ill health and premature death in 
several developing countries, such as Brazil 
and Indonesia, and that—thanks to rising 
incomes—things were only going to get 
worse. “It was a significant wake-up call,” 
says Peter Anderson, a public health expert 
previously with WHO, who currently 
advises the European Commission and 
other agencies on alcohol policy. 

‘The report was the final straw for Fin- 
land. Having reduced liquor taxes to stay 
competitive with cheap Estonian imports, 
the country had seen a spike in alcohol- 
related deaths. In 2005, Finland banded 
together with other Nordic countries, 
including Sweden and Norway, and pre- 
sented a resolution to the World Health 
sembly, WHO'S governing body, calling 
for a united effort to reduce alcohol-related 
health problems. “We wanted to see if 
a global strategy was possi- 
ble,” says Bert Bull, senior 
adviser at the Ministry of 
Health and Care Services in 
Norway and a member of the 
Nonwegian delegation. 

The resolution passed but 
quickly ran into trouble. The 
United States favored a vol- 
untary strategy and called for 
more input from the alcohol 
industry. Thailand objected 
that the resolution didn’t go 
far enough and opposed 
industry involvement. And 
when WHO reconvened on 
the issue in May 2007, the 
drink trade had a new cham- 
pion: Cuba. “The alcohol 
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industry gives work and contributes to eco- 
nomic growth,” Oscar Leén Gonzalez of 
Cuba’s foreign affairs department told the 
‘Swedish newspaper Svenska Dagbladet at 
the time. He also said poorer countries had 
ger problems: “Many countries cannot 
understand why [the Nordic countries} push 
the alcohol question so hard when people lie 
dying of AIDS, tuberculosis, and malaria” 

The resolution died, but a few months 
later two of these poorer countries, Rwanda 
and Kenya, resurrected it in the form of a 
similarly worded resolution, effectively 
deflating Len Gonzalez’s argument. “Alco- 
hol causes a disproportionate burden of 
harm in poorer countries,” says Anderson, 
noting that people in these regions are likely 
to have more serious health 


general to collaborate with the alcohol 
industry in shaping its strategy. And that 
could produce a “weak and feckless pol- 
icy.” says Derek Rutherford, chair of the 
London-based Global Alcohol Policy 
Alliance. “The industry tries to play down 
evidence-based factors that reduce alcohol 
consumption, such as taxes and advertising 
bans, and instead focuses on education, 
even though there’s no proof that education 
works,” he says. 

On the contrary, taxes are often ineffec- 
tive and can even backfire, driving con- 
sumers to dangerous home brews, espe- 
cially in poorer countries, says Phil Lynch 
of the US.—based spirits Brown- 
Forman, a member of the Global Alcohol 

Producers Group, which is 


risks and have less access to “Alcohol has been consulting with WHO. The 
treatment. At the same time, iti industry is not opposed to 
itis potential Sekar ign, Z POM AONCNY, ce ho aags, iEjust 
the rise in countries like India thing for WHO ‘wants to see a comprehen- 
as people get a bit more fg deal with.” sive approach. “We under- 
money in their pockets. stand the products better than 
“They're going to start devel- ROBIN ROOM, everyone else, ... and we 
oping the same [aleohol- aaeesrane deserve seat at the table.” 


related] problems we had 
50 years ago,” notes Ralph 
‘Hingson of the US. National 
Institute on Alcohol Abuse 
and Alcoholism in Bethesda, 
‘Maryland. Hingson argues 
that WHO could help pre- 
vent a tragic repetition of 
this experience. 

Buoyed by Africa’s in- 
volvement, the resolution 
won wide support from 
WHO's executive board. Next 
week, member states are 
scheduled to vote at the World 
Health Assembly, and the measure is 
expected to pass. As written, the resolution 
directs the WHO director general to formu- 
late a global alcohol strategy within 2 years. 
‘WHO's final plan would not be legally bind- 
ing but could include recommendations 
such as increasing alcohol taxes and banning, 
certain types of liquor advertisements, as 
‘well as helping developed countries imple- 
‘ment prevention strategies. A global 
approach is needed, says Anderson, because 
the alcohol trade crosses borders and 
because nations can lear from each other's 
efforts. “You can’t just rely ona single 
country’s response.” 

Despite its new momentum, however, 
the plan could run aground. Changes to the 
resolution, introduced recently by Mex- 
ico—and supported by Cuba and the 
United States—compel WHO's director 


WHO also must contend 
with limited resources. 
“WHO has a lot of irons in 
the fire,” says Room, noting 
that WHO's investment in 
alcohol programs has been 
“extremely small in compari- 
son with the size of the prob- 
Jems” And Ramanan Laxmi- 
narayan, an expert on global 
disease priorities at the 
Washington, D.C. based 
think tank Resources for the 

3 Future, says it may be hard 

for WHO—and poorer coun- 

tries—to justify interventions aimed at 

curbing dangerous drinking. Such inter- 

ventions “are not good value for the 

money,” says Laxminarayan, noting that 

malaria interventions are up to 100 times 
more cost effective. 

Laxminarayan agrees with other global 
disease experts, however, that WHO is 
doing the right thing. “Developing coun- 
tries don’t always have the foresight to see 
that alcohol will be a big issue for them,” he 
says. “WHO can be very influential in this, 
regard.” Hingson says developed countries, 
could benefit as well. He notes, for exam- 
ple, that the U.S. Surgeon General has 
released more than 30 reports on tobacco 
but only two on the harms of alcohol. “We 
may think we're way ahead, but there are a 
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ARISE, Young Scientists 


‘Young scientists in academia are most likely 
to feel the pain when money is tight. A blue 
ribbon committee of U.S. scientists, academic 
leaders, and policy wonks has come up with a 
list of steps that the federal government and 
universities can take to make the system work 
better for that important population—even 
‘without the lubricant of additional cash. 

Titled ARISE—Advancing Research in Sci- 
‘ence and Engineering, their report cals for 
universities to lessen the burden on young 
faculty members by shouldering a bigger 
share of salaries and lab costs. It cautions 
agencies not to run programs with low success 
rates and to improve monitoring of how their 
practices affect researchers. And it urges both 
groups to pay greater attention to the needs 
of early-career scientists by providing seed 
‘money, tenure timeouts, and more support for 
high-risk, high-reward proposals. 

The report, due out early next month 
(ev amacad.orgarise), was written by a 
panel of the American Academy of Arts and 
‘Sciences chaired by Thomas Cech, head of the 
Howard Hughes Medical Insitute. It was pre- 
viewed last week in Washington, D.C, at the 
‘annwial policy forum of the “other” AAAS 
(which publishes Science). JEFFREY MERVIS 


Winds of Change at DOE 


‘The U.S, Department of Energy (DOE) is con 
sidering a new focus for its $50-milion-a-year 
‘wind research program. The goal would be to 
derive 20% of the country’s electricity from 
‘wind power by 2030, up from 1% in 2007. 
“We are moving beyond incrementalism,” 
DOE's Alexander Karsner told reporters in pre- 
senting a new report on wind power by a panel 
‘of DOE and industry officials, 

‘The report cals for new types of financing, 
better designs and windmill monitoring, and 
big changes to the electrical grid to bring elec- 
tricity from windy areas to population centers. 
DOE has yet to allocate $10 million for wind 
research this year at the National Renewable 
Energy Laboratory in Colorado, as it considers 
2 shift away from new kinds of windmills and 
toward extending the life of existing units, A 
decision is expected next month, 

‘One element the wind report did not include 
‘n its modeling assumptions was a cap-and- 
trade system to reduce carbon emissions. But 
speaking on 12 May ata windmill manufacturer 
in Portland, Oregon, presumptive Republican 
presidential candidate John McCain said such a 
scheme is needed “to assure an energy supply 
that s safe, secure, diverse, and domestic.” 

ELI KINTISCH 
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A Mosquito 
Goes Global 


The Asian tiger mosq 


us are swatting fu 


When entomologist Paul Reiter made an odd 
discovery at a leafy old cemetery in Mem- 
phis, Tennessee, few people thought 
it was big deal. At the graveyard’s refuse 
dump, where he was studying mosquito 
behavior and ecology, Reiter, then with 
the US. Centers for Disease Control 
and Prevention, had caught a bug seen 
only a few times before in the Western 
‘Hemisphere: an Asian tiger mosquito 
(Aedes albopictus). “How the heck 
did it get here?” was his first thought 
‘When he reported the find tothe local 
health department, the official was 
nonplussed. “You better not find 
another one of those, or people may 
think you putt there!” he joked. What- 
ever it was, it wasn't cause for alarm. 

‘The year was 1983, and nobody knew 
that the Asian tiger mosquito was about to 
goona global rampage. Within few years, it 
‘was found in several southeastern states of the 
United States, in numbers so great that nobody 
could suspect Reiter—who snow atthe Pasteur 
Institute in Paris—of planting them. 

‘Twenty-five years later, the mosquito has 
invaded 36 US. states, as well as many coun- 
tries in South and Central America. It on the 
march in Africa and the Middle East, has 
exploded in Italy, and seems set to conquer 
large swaths of Europe. Greenhouses in the 
Netherlands have been its latest and northern- 
most outpost, A worldwide trade in second- 
hhand tires—which often contain water—has 
been the key to its wide-scale conquest 
Lately, an exotic plant called Lucky bamboo 
has also given ita free ride. 


Anaggressive daytime biter, Ae. albopictus 
is making life hell for gardeners and ruining 
picnics and wedding receptions. But the 
2005-06 outbreak of an obscure disease called 


chikungunya in the Indian Ocean as well as a 
smaller one last summer in Italy have shown 
that it could also threaten human health— 
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is on a rampage. 
Entomologists are impressed, public health 
officials are nervous, and many of therestof | 
usly. How did Aedes 
albopictus become such a scourge? 


/ although how much is still fiercely debated 
among medical entomologists. Some take 
heart from the fact that although Ae. albopic- 
‘us can be infected with a dizzying variety of 
‘viruses in the fab, so far in the real world it has 
beena rather wimpy disease vector. But others 
‘wam that its rise could confront Europe and the 
United States with serious outbreaks of dis- 
eases now restricted to the tropics. 


Stowaways 

‘The Asian tiger mosquito, so called because of 
its bright white stripes, hails from East and 
Southeast Asia, where it originally lived at the 
edges of forests, breeding in tree holes and 
other small natural reservoirs. It has adapted 


easily tohuman 
settlements, where 
pots, vases, and 
buckets can replace 
tree holes, provided 
there’s a bit of vegetation 
nearby. The mosquito is 
believed to have spread along 
\with humans to Madagascar and the 
smaller fndian Ocean islands centuries ago 
But its big break came With the advent of 
modem shipping. After World War If, when 
huge amounts of military equipment were 
sent back to the United States from war zones, 
inspectors from the U.S. Public Health Ser- 
vice discovered that Ae. albopictus had trav- 
eled along asa stowaway in used tires, as had 
six other exotic mosquito species. Radical 
control measures helped prevent it from 
establishing itself. Ae. albopictus was also 
found in tires reimported from Vietnam in 
1972, but again, it didn’t gain a foothold. 

In 1985, officials at the Harris County 
‘Mosquito Control District in Texas found an 
Ae. albopictus population near a roadside tire 
dump in Houston. Reiter, who helped investi- 
gate its source, soon became an expert in the 
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thriving intemational trade in used tires. Mil- 
lions of tires are shipped each year from coun- 
tries such as Japan and Germany, which 
impose strict rules ontheir wear and on the use 
of “recaps,” to those that are more lenient, 
such as the United States; for various reasons, 
tiresare also shipped from the United States to 
Europe and South America 

‘The water the used tires hold is an ideal 
place for eggs and larvae, Reiter says; and even 
ifitevaporates, the Asian tiger mosquito’ eges 
are so drought-resistant that they can survive 
until the tires reach their destination. (Mos- 
quito species like Anopheles gambiae, a 
malaria vector, could never pull this off.) 
Meanwhile, the containers in which the tires 
are shipped ensure a comfy, sheltered journey 

‘The mosquitoes imported into the United 
States probably came from Japan, Reiter and 
others wrote in a 1987 Science paper. Like 
their Japanese counterparts, Asian tiger mos- 
quitoes were able to survive cold winters 
because their eggs respond to shortening days 
by going into a state of dormancy called dia- 
pause. That capacity, which many other tropi- 
cal mosquitoes lack, is another key to the 
tiger's successful spread and explains why it 
can survive even Chicago's harsh winters. 

Its invasion of Latin America lagged 
behind by a few years, but it proved just as 
unstoppable. The mosquito was first found in 
So Paulo, Brazil, in 1986 and soon spread 
farther in southeastern Brazil. popped up in 
Mexico in 1993, in Guatemala, Honduras, and 
EI Salvador in 1995, and in Paraguay, Colom- 
bia, and Argentina in 1998. Panama and 
Nicaragua joined the club in 2002 and 2003, 
respectively. Good data are lacking for most 
parts of Africa, but the mosquito has already 
been found in Nigeria, Cameroon, Equatorial 
Guinea, and, last year, in Gabon. 

In Enrope, Albania was the first to find 
Ae. albopictus within its borders, in 1979. The 
country was still an isolated Stalinist strong- 
hold, and the news reached few scientists else- 
‘where, When Reiter teamed up with Albanian 
entomologist Jorgji Adhami to document the 
outbreak in the 1980s, they concinded that the 
mosquito may have first entered the country 
in 1975; the most likely source was China, one 
of Albania’s few trading partners at the time. 

By farthe hardest hit European country to 
date is Italy, which blew its chance to quash 
the nascent invasion, says Romeo Bellini, an 
entomologist at the Centro Agricoltura Ambi- 
ente “Giorgio Nicoli” (CAA) in Baricella. The 
first few tiger mosquitoes were found in a 
kindergarten classroom in the port city of 
Genoa in 1990, and other hot spots soon fol- 
lowed, but the govemmment didn’t act quickly 
or aggressively enough to kill adults and lar- 
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vae. “They didn’t understand what was going 
on; it wasn't a priority.” says Bellini. Eighteen 
years later the mosquito is driving people nuts 
and chipping away at tourism revenue in 
towns and cities across northem Italy, where 
the climate is particularly favorable. 

In many other places, too, the tiger mos- 
quito is aterriblemuisance. “Irs really a horrible 
pest." says Duane Gubler of the University of 
Hawaii, Honolulu. That may seem strange, 
because human blood isn’t always its meal of 
choice. The mosquito is what entomologists 
call a“catholi” or general, feeder: Itcan bitea 
wide variety of mammals, including cows and 
rats, as well as birds and reptiles. But what the 
tiger mosquito lacks in host specificity, itseems 
tomake up for in aggression and its sheer num- 
bers. And when other host species are scarce— 
as they likely are in many cities—the mosquito 
may have little choice but to bite humans. 


A health threat? 
‘The mosquito’s impact on health is potentially 
more serious but also much less clear. In 
lab studies, researchers have shown that 
more than two dozen viruses can reproduce 
in Ae. albopictus. The most prominent is 
dengue, a viral disease that causes severe mus- 
cle and joint pains and can also lead to dengue 
hemorrhagic fever, a rare and often fatal dis- 
ease. And now that 4e albopictus has become 
so ubiquitous, “widespread .... dengue in the 
continental United States is a real possibility.” 
Anthony Fauci and David Morens of the 
USS. National Institute of Allergy and Infec- 
tious Diseases wrote in the Journal of the 
American Medical Association in January. 
But whether a mosquito actually spreads 
disease in the real world depends on many fac 
tors: its numbers, how often it bites humans, 
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whether it takes blood meals from multiple 
people, and how effectively the virus makes it 
from the mosquito’s gut to its salivary glands, 
and from there, to its victim's veins. So far, 
there's solid evidence for the tiger mosquito’s 
role in the transmission of only two diseases: 
dengue and chikungunya. The latter is promi- 
nent in Africa and Asia, and its symptoms 
resemble those of dengue. And even for those 
‘two, the mosquito isn’t historically known to 
bea very efficient vector, says Gubler. 

‘The reason appears to be its wide host range. 
fa mosquito bites a dengue-infected child only 
to move on to a lizard, the virus goes nowhere 
because it infects only primates. By contrast, 
species called Ae aegypti—also known as the 
yellow fever mosquito—dines almost exclu- 
Sively on humans, which is why ithas caused an 
explosive rise in dengue cases in the tropics the 
past 2 decades. Dengue outbreaks in places that 
have only 4e. albopictus tend to be mild Gubler 
says; 2 2001-02 outbreak in Hawaii infected 
only 122 people, for instance. 

In fact, Gubler predicts that the spread of 
de albopictus will actually result in a net gain 
for public health because in many places, itis 
pushing out Ae, aegypti populations. (The 
species’ larvae compete for food when they 
share water containers, and the tiger mosquito 
appears to win often.) That's why Gubler dis- 
misses gloomy scenarios like that published 
by Fauci and Morens. “I couldn't believe they 
‘wrote that,” he says. 

Didier Fontenille of the Institute of 
Research for Development in Montpellier, 
France, says he once agreed with Gubler but 
no longer does. The massive chikungunya 
outbreak in the Indian Ocean islands, which 
sickened more than third of the population in 
a few months in La Réunion, was caused by 
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Ae. albopictus. The small outbreak in Italy's 
Ravenna province last summer sickened more 
than 200 and killed one older woman. As-yet- 
unpublished work by Fontenille and his col- 
Teagues shows that the mosquito population in 
La Réunion strongly prefers humans. If that 
pattem holds true in other countries, the tiger 
‘mosquito may be a much more dangerous 
vector than people assume, he says. 

‘Two studies have also suggested that the 
chikungunya virus underwent a single- 
‘nucleotide mutation during the Indian Ocean 
outbreak that made it more able to use Ae. 
albopictus as a vehicle (Science, 21 Decem- 
‘ber 2007, p. 1860). Nobody can nule out that 
something similar could happen with dengue, 
‘he wams, or with any of the other viruses it was 
shown to transmit in the lab. Even if Ae. 
albopictus pushes out its main competitor, 
“there's no reason to be happy” says Fontenille. 


Tough fight 
Can the tiger mosquito be stopped? Experi- 
ence to date suggests that once it’s become 
established, it's almost impossible to get ridof, 
says Francis Schaffner of the University of 
Ziirich, Switzerland. At that point, the only 
option is suppressing its numbers—and even 
that is difficult and costly. 

Eliminating breeding sites, such as flower- 
pots and vases, is effective, but it requires the 
‘public’s participation, which is hard to sustain. 
Even in Italy, where the public has been bom 
‘bared with educational materials—including 
‘posters, mugs, and screensivers—Iarval con- 
trol is falling short, says Bellini. Spraying 
insecticides is another widely employed tac- 
tic, but its effectiveness is probably limited, 
says Reiter. Hiding in vegetation, the mosqui- 
toes are much harder to reach with aerosol 
droplets than are Ae. aegypti, which tend to 
stay inside or close to houses. 

Taly is betting ona new weapon: the so- 
called sterile insect technology (SIT), which 
aims to drive down the population by releasing 
‘massive numbers of sterile males. SIT has been 
used successfully to battle agricultural pests 
(Science, 20 July 2007, p. 312), but its use with 
_mosquitoes is limited. Bellini’s group at CAA 
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has a facility to rear some 100,000 male mos- 
quitoes a week and blast them with infertility- 
inducing gamma rays. It has studied the mos- 
quitoes’ viability and attractiveness to wild 
females, anda field trial to see whether they can 
reduce a population is stated forthe summer. 
Bellini is under no illusion that SIT can 
eradicate the mosquito from Italy—that 
‘would require an immense investment—but it 
could help drive down populstions in an envi- 
on 
Presumed negative Positive 
Presumed positive @ Eliminated 


‘On the march. After becoming established in 
Albania anc Italy, the Asian tiger mosquito startec 
‘spreading to other European countries. 


ronmentally benign way, be says. But so far, 
the budget for a rearing facility able to chum 
‘out the millions of males that would be needed 
‘weekly is still Jacking. 
Countries that have not yet seen the tiger 
‘mosquito can hope to prevent it from entering 
and can hit hard if it does. But again, the 
options are limited. For its medium-distance 
travel, the mosquito has been known to hitcha 
ride in automobiles and trucks—that’s how it 
appears to have spread from Italy to Spain, 
France, Croatia, Slovenia, Switzerland, and 
Germany. There's simply no way to stop this 
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type of spread, says Willem Takken of 
‘Wageningen University in the Netherlands. 

‘To prevent long-distance infestations, gov- 
emments would have to regulate the inter- 
national tire trade. But so far, few govern- 
ments have been willing to clamp down on 
that economic sector to thwart an uncertain 
public health risk. Besides, there are other 
routes as well. In the summer of 2005, green- 
house workers in the Netherlands started com- 
plaining about aggressive mosquitoes. This 
time, researchers found, the mosquito had 
hitched a ride in shipments of Lucky bamboo 
(Dracaena sanderiana), a popular decorative 
plant imported from China. 

‘A major horticultural hub, the Netherlands 
exports Lucky bamboo widely, which has trig- 
gered fears that it might seed new infestations. 
Horticultural companies have taken steps to 
reduce the risk, for instance, by treating ship- 
ments before they leave China, and no new 
tiger mosquitoes have been found in the past 
6 months —but this may also be due to natural 
‘fluctuations, says Emst-Jan Scholte of the 
Dutch Plant Protection Service. Wouter van der 
‘Weijden of the Centre for Agriculture and Envi- 
ronment, a lobby group, says the Dutch govern- 
‘ment isn't tough enough and warns that it risks 
dropping the ball, just like Italy did 18 yearsago. 

‘Whether the mosquito could become estab 
lished this far north—or indeed, how much far- 
ther it can push its worldwide range—is any- 
‘one’s guess. The European Centre for Disease 
Control and Prevention in Stockholm has 
charged a group of European scientists to come 
up with some predictions. The group's map, 
published in the 2007 book Emerging Pests and 
Yector-Borne Diseases in Europe, shows that 
France, Belgium, and the Netherlands are at 
risk of being colonized, as well as the United 
Kingdom, Ireland, and even the coastal areas of 
Scandinavian countries. Other models have 
come up with different ranges, but they agree 
that the end is notin sight. 

Reiter predicts that at best the countries at 
risk can postpone becoming colonized. What- 
ever the natural boundaries of its potential 
habitat are, the tiger mosquito seems deter- 
mined to reach them. ~MARTIN ENSERINK 
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Layers Within Layers Hint at a 
Wobbly Martian Climate 


Like Earth, Mars has a layered geology, but the martian version can have a particularly 
rhythmic regularity; scientists are finally getting a handle on the mechanism driving it 


For decades, planetary scientists assumed that 
the stunning layering of Mars goes back to the 
planet's innate unsteadiness. The planet wob- 
bles and wanders in its orbit, changing the cli 
‘mate rhythmically. What else could shape the 
cyclic-looking layering in everything from 
icy polar deposits to crater fill? But without a 
time scale, researchers were long stymied in 
linking particular layering to any particular 
orbital variation. That left the door open for 
nonorbital explanations. 

Now, new studies are tentatively tying lay- 
ering to orbital variations. Across the polar 
caps of Mars and in impact craters, within the 
‘past few million years and several billion years 
«ago, new observations and analyses are reveal- 
ing periodic groupings of layers of the sort that 
orbitally driven climate change could have laid 
down. Martian layer counting is all the rage 
now, says planetary scientist Oded Aharonson 
of the California Institute of Technology 
(Caltech) in Pasadena. “That's a good sign” 

Just identifying martian layer- 
ing as periodic and not a random 
jumble has been controversial. On 
Earth, paleoceanographers can do 
hands-on work on sediment cores, 
analyzing them from the meter 
scale down to the atomic scale to 
date the layers precisely. On Mars, 
researchers must work from 
images taken from hundreds of 
kilometers up. They know that 
younger layers pile up on top of 
Older ones, but they have no idea 
how long a given set of layers took 
to form. In the North Polar Lay- 
ered Deposits (NPLD), for exam- 
ppl, alternating dark and light lay- 
ers exposed in cliff faces presum- 
ably reflect dust darkened ice ver- 
sus bright, nearly dust-fiee ice, but 
it gets more complicated. Dark 
stripes can be shadows, not dirty 
ice; frost can mask truly dark lay- 
ers; and less-than-vertical out- 
crops can distort the apparent 
thickness of layers. 

To avoid at least some of these 
problems, geophysicists J. Taylor 
Perron and Peter Huybers of Har- 
vvard University combined images 


and topography returned from 23 strips across 
the NPLD by the now-defunct Mars Global 
Surveyor orbiter. Knowing the slope across 
layers let them correct thickness to 
‘rue thickness. As they reported at the Lunar 
and Planetary Science Conference (LPSC) in 
March in League City, Texas, most ofthe sur- 
‘veyed terrains did show—within a lot of cli- 
‘matic noise—periodic layering with a layer 
thickness of roughly 1.6 meters, although the 
periodicity waxed and waned with time. A 
Ihyer in such cyclic bedding may have formed 
as the planet rhythmically nodded over on its 
side to 45° or even more—pouring more sum- 
‘mer Sun on the poles and sending polar ice to 
the equator. Then Mars would have righted 
itself and returned to its initial climate, form- 
‘ng contrasting layer, all in one 120,000-year 
cycle. If'so, the researchers calculate, the 
upper kilometer or so of the NPLD would 
have formed over tens of millions of years. 
But Perron and Huybers are quick to point 


‘Mars has rhythm. Evidence is mounting that variations in the 
‘Orbit of Mars drive cyclic climate changes that layer the planet. 
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‘out that other, nonorbital processes could be 
‘modulating martian climate on a roughly peri- 
dic schedule, as El Niffo does on Earth. To 
link layering to changes in orbit, they say, 
researchers must finda section of ice or rock in 
‘which layers change steadily if subtly in thick- 
ness or color in step witha longer term rhythm. 
For example, a series of thin layers might 
‘decrease in thickness in a hythmic pattern that 
‘makes them stand out asa single packet. Such 
‘bundling could reflect the interaction between 
‘wo orbital variations —for example, planetary 
tiltand the shape of Mars's orbit. Such an inter- 
action would create a unique ratio of packet 
thickness to thin-layer thickness 

Such bundling ratios are starting to show 
up. As they report online this week in Science 
(wwwsciencemag org/egi/contentiabstract/ 
1157546), planetary geophysicist Roger 
Phillips of the Southwest Research Institute in 
Boulder, Colorado, and colleagues analyzed 
data from SHARAD (SHAllow RADar) 
onboard the Mars Reconnaissance Orbiter. 
‘They found periodic layering on two scales 
within broad reaches of the NPLD. SHARAD 
bombards the martian surface with high- 
frequency radio waves that easily penetrate 
pure ice but reflect back off dirty ice. Theradar 
sounded out 45 to 50 thin layers beneath the 
ice’s surface, divided into four packets by 
distinctive zones of low reflection. 

So far, the group has two possible interpre- 
tations. The low-reflection regions could repre- 
sent times when Mars’s orbit grew rounder and 
less elliptical, causing storms loading the ice 
with dust to become less common. Or they 
could mark times of relatively small axial tilt 
over many tilt cycles. In either case, the 
researchers say, the entire NPLD probably 
formed over roughly the past 5 million years. 

LPSC attendees also heard the first quan 
tative evidence that orbital variations drove cli- 
mate and geology much earlier in martian 
history. Planetary scientists Kevin Lewis of 
(Caltech and Aharonson reported their analysis 
of layering in the low-latitude Arabia Terra 
region of Mars. They found rhythmic bedding 
at several locations, all dating to roughly 4 bil- 
ion years ago. In Becquerel crater, 35-meter 
layers were bundled into packets that 
average 36 meters in thickness. Lewis and 
Aharonson have not publicly linked that 
10:1 bedding ratio to any particular orbital 
‘variations, but they noted in their LPSC talk 
that Mars's thin atmosphere and lack of oceans 
make cyclic climate change driven by internal, 
EI Nifioike processes much less likely there 
than itis on Earth. Nailing down periodic lay- 
«ring on Mars will no doubt require a lot more 
layer counting and perhaps a better sense of 
‘martian time. “RICHARD A. KERR 
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Click Chemistry Clicks Along 


Researchers seeking new ways to forge molecules are saving steps 
and effort by adapting high-yield reactions to fill a variety of needs 


NEW ORLEANS, LOUISIANA—Halfway intoa 
talk at a meeting" here last month, Charles 
Hoyle, a chemist at the University of Southem 
Mississippi, Hattiesburg, whipped out a clear 
plastic disk a few centimeters thick and about 
the size of a small Frisbee. Lodged in the disk 
were two bullets—one .22 caliber and one 
38—fired by one of his colleagues in the lab, 
The disc, Hoyle explained, is a laminate 
of two materials, one a rigid plastic, the 
other a new rubbery, highly efficient, 
energy-absorbing material. Putting the two 
‘materials together allowed the disk to absorb 
the energy of the speeding bullets and dissi- 
pate it without shattering. What's more, the 
bullet-stopping armor was made of cheap, 
everyday starting materials. In addition to 
‘armor, such laminates may one day find use in 
‘impact-resistant windshields for cars and air- 
planes, Hoyle says. “That was the most 
exciting thing I’ve seen in a couple of 
months,” says K. Barry Sharpless, a Nobel 
Prize-winning chemist at the Scripps 
Research Institute in San Diego, California. 
For many of the chemists in Hoyle’s andi- 
ence, the excitement lay as much in the way 
the new laminate was produced as in its 
impressive capabilities. It is a product of 
“click chemistry,” a term Sharpless coined in 
2001 for an approach to synthesis that prizes 
the use of a few key chemical reactions to link 
together compounds that contain particular 
chemical groups. The reactions have a strong 
energetic driving force that ensures that the 
starting compounds react every time, quickly, 
efficiently, and without creating unwanted 
byproducts. Click chemistry, says chemist 
Craig Hawker of the University of California, 
Santa Barbara (UCSB), “is a philosophy 
about not falling in love with complexity.” 
‘And, as Hoyle’s talk and others at a sympo- 
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sium at the American Chemical Society meet- 
ing here revealed, the philosophy is rapidly 
expanding throughout the world of polymers, 
materials science, drug delivery. and even bio- 
logical imaging. “It has just exploded,” 
Hawker says. 

Sharpless says the goal of click chemistry 
is tosynthesize materials the way nature does: 
by starting with a small set of building blocks 
and then linking them with just a handful of 
<ifferent reactions, as living organisms do in 
linking amino acids together with peptide 
bonds to forge proteins. 

By contrast, much of modem organic syn- 
thesis—such as the medicinal chemistry used 
to craft many drug molecules—uses a wide 
variety of less efficient reactions. After going 
through perhaps dozens of these inefficient 
reactions, researchers typically wind up with 
aly a minute amount of their desired mole- 
cule. Sharpless argues that chemists need to 
spend more time adapting efficient reactions 
to suit their needs. 

Sharpless and his colleagues at Scripps 
kicked off the effort earlier this decade when 
they improved a well-known chemical reac- 
tion called the Huisgen reaction, in which 
chemical groups with carbon-carbon triple 
bonds called alkynes are linked with azides, 
which harbor N, groups with two nitrogen- 


See here. Cicked-on fuorescent tags reveal newiy 
synthesized DNA in tissues. 


nitrogen double bonds. Once the reaction 
starts, the alkyne and azide building blocks 


quickly and reliably form ring-containing 
compounds called 1,2,3-triazoles. But the 
reactionnormally proceeds slowly because a 
high energy barrier keeps it from getting 
started. In 2002, Sharpless’s team, along 
with a separate team led by Morten Meldal 
at the Carlsberg Laboratory in Valby, Den- 
mark, reported that a simple copper salt cat- 
alyst dramatically speeds up the reaction. 
Even better, the catalyst is highly specific, 
which meant that the alkynes and azides 
reacted readily with one another but with 
essentially nothing else, no matter what 
chemical bath they were stewing in. 

That selectivity spawned an explosion 
of click chemistry, as researchers around 
the globe have attached alkynes and azides 
to all kinds of materials and used the reac- 
tion to click them together. In hundreds of 
papers in recent years, researchers have 
described novel ways to make materials with 
new functions. Popular techniques include 
tacking sugars or peptides onto polymers to 
make them more biocompatible and click- 
ing new chemical functional groups onto 
proteins, nanoparticles, and fluorescent 
compounds. “This stuff has taken on a life 
of its own,” Sharpless says. 

As the session at the meeting made 
clear, the copper-catalyzed alkyne-azide 
reaction remains the gold standard of click 
chemistry. Scripps chemist M. G. Finn, for 
example, reported that his group has 
recently used the reaction to create metal- 
binding adhesives twice as strong as any on 
the market. David Haddleton, a chemist at 
the University of Warwick in the United 
Kingdom, also reported using the tech- 
nique to link azide-containing sugar groups 
to alkyne-rich polymers to create precisely 
controlled mimics of glycoproteins that 
representa key part of the way the immune 
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impact. Products of click chemistry include this 
‘oullet-stopping plastic. 


system prevents infections from parasites. 
Down the road, Haddleton says, he hopes 
that such mimics could offer a new strategy 
for preventing infection from organisms that 
cause dysentery, a disease that hits 40 mil- 
ion people a year worldwide. 

‘The alkyne-azide reaction, however, is 
not the only game in town. “Click chem- 
istry is no longer about a single reaction,” 
Hawker says. One new reaction developed 
recently links compounds with thiol and 
ene functional groups. Thiols are com- 
pounds with a sulfur-hydrogen group, and 


spoiling, for example. Although similar 
plastic films are already on the market, 
they are typically made using a more 
expensive process. 

Thiol-ene progress promises to open 
new applications as well. For example, 
Luis Campos, a postdoctoral associate in 
‘Hawker’s lab, reported at the meeting that 
the UCSB group has made thiol-ene poly- 
‘mers that serve as tiny molds for pattern- 
ing photonic crystals: devices that control 
the movement of photons much as semi- 
‘conductors control the motion of electrons. 
‘When Campos and his colleagues pat- 
terned a titanium-nitride—based photonic 
crystal atop a semiconductor light-emitting 
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block. They fed it to mice, whose bodies took 
up the nucleotide base and used it to make 
DNA in their growing cells. After the mice 
were sacrificed, the researchers spiked the 
tissues with a fluorescently labeled azide and 
a copper catalyst that reacted with the 
alkyne-containing nucleotide and lit up 
newly synthesized DNA in fast-growing tis- 
sues in the animals. 

‘Such an approach wouldn't work well in 
live animals, because the copper catalyst is 
highly toxic. But chemist Carolyn Bertozzi of 
UC Berkeley and colleagues recently devel- 
oped a novel version of the azide-alkyne reac- 
tion that does away with copper. Last October, 
they reported in PNAS that by tweaking the 


enes are compounds with dou- normally linear alkynes to include 
ble bonds between two carbon Hookup. Metaladhesives Before eight-membered rings, they pro- 
atoms. When triggered by the begin with two compounds, duced a strain in the molecules 
absorption of energy-rich ultra- one capped with alkynes, that prompted them to react more 
Violet photons or other initia. eather witharides Gt ys; ut readily with an azide. It worked so 
tors, the sulfur atom in the thiol pe sae sehr Ns ‘well that the reaction essentially 
group readily attaches to one of | {7,109 matched the rate of the copper cat- 
those carbons while the thiol’s @ N3 alyst. The researchers then used 
hydrogen atom links up with the Lee the reaction to click a fluorescent 
ene’s other carbon. And the Key N3 compound to specific sugar 
reaction isso fast that vast num- = alkynes Ng groups on live cells, with no 
bers of thiols and enes can be Ny azides : ng apparent toxicity. In the 2 May 
Tomaso ig tol and ct anlar caleoguak bewoxte 
enes is taking off, Hoyle says, in After major step forward by showing 
part because the starting materi- that they could click a series of 
als are cheap and abundant. They such fluorescent reporters to dif- 
include commodity polymers af ferent biomolecules to visualize 
such as polyethylene, widely Il New a key steps in the development of 


used in products such as milk 
jugs and plastic grocery bags, 
and polystyrene, found in appli- 
cations as diverse as CD jewel 
cases and packing peanuts. This 
easy availability has already 
prompted numerous groups to 
begin using click chemistry to 
tailor their standard polymers. 
Hoyle’s bullet-stopping plastics 
are one example, and one he says 
he has improved considerably, 
although he is not ready to reveal 
details. To make that material, 
Hoyle’s team first polymerized 
two pairs of thiol- and ene-containing com- 
pounds. One combo gave them the energy- 
absorbing material, the other the rigid poly- 
‘mer. They then laminated the two polymers 
together to help the energy-absorbing 
material shed the energy of the impact 
without breaking. Down the road, Hoyle 
says, expect researchers to click new fune- 
tional groups onto plastic polyethylene 
films to improve their use as cheap food 
packaging, to prevent fresh food from 


diode, it doubled the light emission from 
the LEDs, cutting their power consump- 
tion in half. 

Biology offers another emerging set of 
applications for click chemistry. Cell biolo- 
gists Adrian Salic and Timothy Mitchison of 
Harvard Medical School in Boston, for 
‘example, reported in the 19 February issue 
of the Proceedings of the National Academy 
of Sciences (PNAS) that they had created a 
specialized alkyne-containing DNA building 


zebrafish embryos. Bertozzi’s 
team isnow using the technique to 
try to watch the molecular dance 
that takes place as stem cells dif- 
‘erentiate into various tissues. 
Click chemistry may soon be 
‘making an impact on medicine as, 
well. Hawker says he and his col 
Jeagues are clicking radioactive 
cobalt-64 to the interior of 
nanoparticles designed to keep the 
‘immune system from clearing the 
cobalt from the body. Peptides 
designed to bind to proteins found 
on damaged vessels of the heart 
are then clicked to the outside of the nanopar- 
ticles to steer them to their target. Uhimately, 
Hawker says, the system could provide doc- 
tors with an extremely sensitive way to spot 
the warning signs of the blood-vessel damage 
that accompanies atherosclerosis before any 
potential heart attack. Bertozzi says she is pur- 
suing a related strategy to image cancer cells. 
Clearly, be it in biology, polymers, or 
materials science, click chemistry is start- 
ing to click. ROBERT F. SERVICE 
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PHYSICS 


The Hot Question: 


How New Are 


The New Superconductors? 


Do iron-and-arsenic superconductors work the same way as the older, inscrutable 
copper-and-oxygen compounds? Early evidence points both ways 


‘Twenty-two years ago, the recondite world of 
condensed matter physics erupted into a 
frenzy of headline-grabbing discoveries. In 
June 1986, German experimenter I. Georg 
Bednorz and Swiss colleague Karl Alexander 
Miiller reported that a compound called lan- 
thanum barium copper oxide carried electric- 
ity without resistance at temperatures as high 
a8 35 kelvin. That was closer to absolute 2270 
than to room temperature (300 kelvin), but it 
‘was a whopping 12 degrees above the previ- 
ous record for such “superconductivity.” The 
discovery sparked a race for 
other copper-and-oxygen, or 
cuprate, superconductors with 
higher “critical temperatures” 
and bagged a Nobel Prize. 
History seems to be repeat- 
ing itself. In the past 5 months, 


CUPRATE 
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in Beijing. “The [new family of materials] 
looks very similar to the cuprates,” Wen says 
But, be adds, “the mechanism may not be the 
same.” Peter Hirschfeld a theorist at the Uni- 
versity of Florida, Gainesville, notes that 
given the uncertainties surrounding the older 
materials, it may not make sense to ask if the 
new ones employ the same tricks. “Tell me 
how the cuprates work,” he quips. 

Still, physicists are pumping out papers on 
the new superconductors at a prodigious rate, 
and they have enough data to explain why they 
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researchers in Japan and China oop os 
hhave cranked out a new family ee ee ee Ge 
of high-temperature super- 

conductors (Science, 25 April, 

p. 432). In place of copper IRON . te“ 
and oxygen, the new com- —_ARSENIDE _ . 

pounds contain iron and 2 

arsenic, and the highest crit- > ty +S eo 

ical temperature for them 4 

has already reached 55 kelvin. be 2 concen 
That's far from the current ~~ QR Ones 


record of 138 kelvin for the 
cuprates. But even as 
researchers strive for higher 
temperatures, they are pre- 
occupied with one question: 
Do the new materials work the same way 
as the old ones? 

Tra key issue because, after2 decades of 
debate, physicists still do not agree on how 
the electrons in the cuprates perform their 
magic at such high temperatures. Many 
researchers regard high-temperature super- 
conductivity as the single deepest mystery in 
condensed matter physics, and the new com- 
pounds might help to solve it. By comparing 
and contrasting the old and new superconduc- 
tors, physicists might tease out commonali- 
ties that reveal how both of them work—if 
they work the same way. 

That's a tricky if, says Hai-Hu Wen, an 
experimenter at the Institute of Physics 
(IOP) at the Chinese Academy of Sciences 


Plainly similar. The old and the new superconductors both contain 
planes of ions magnetized in apposite dit 
electrons hop fram copper to capper (arrow). 


tions. Inthe alder ones, 


tight or might not expect the new materials to 
work the same way as the old ones. Some are 
already taking sides in the emerging debate. 


‘The mystery of the cuprates 
Electricity won't flow through an ordinary 
wire without power from a battery or another 
source to push it. That's because the electrons 
flowing through a metal wire lose energy as 
they ricochet off the jiggling ions in the crys- 
talline material. In a superconductor, how- 
ever, the electrons avoid such drag by form- 
ing pairs. Deflecting an electron then 
requires breaking a pair, and at low tempera- 
tures there isn’t enough energy around to do 
that. So the pairs glide unperturbed, and cur- 
rent flows without power. 


Of course, like-charged electrons repel 
each other, so something has to hold a pair 
together. In 1957, American theorists John 
Bardeen, Leon Cooper, and Robert Schrieffer 
showed that in conventional superconchuctors, 
such as niobium chilled below 9.3 kelvin, 
vibrations rippling through the material's pos- 
itively charged ions attract the electrons to 
one another. When one electron moves, it sets 
off vibration that draws the second electron 
in its wake. But vibrations don’t pull hard 
enough to produce the sky-high critical tem- 
peratures in the cuprates. 

A cuprate superconductor is like a multi- 
tiered dancehall for electrons. The compound 
contains planes of copper and oxygen atoms 
along which the electrons glide like paired 
dancers. Between the planes lie elements such 
as lanthanum, strontium, barium, and yttrium. 
By default, a material has one potentially 
‘mobile electron per copper ion, and the elec- 
trons repel one another so mightily that they 
getstuck ina massive traffic jam called'a Mott 
insulator state. To produce superconductivity, 
researchers “dope” the nonsuperconducting 
“parent material” with extra oxygen, which 
nestles between the copper-and-oxygen 
planes and soaks up a few electrons. The 
impasse then breaks, and the electrons some- 
how pairand flow freely. 

Most physicists believe that the pairing 
originates not from some external factor such 
as Vibrations but rather solely from the inter- 
actions of the electrons among themselves. 
“Italmost like the electrons are ghuing them- 
selves together.” says Michael Norman, athe- 
orist at Argonne National Laboratory in Illi 
nois. But physicists still don’t agree on how 
the electrons do that. 

For example, electrons act like litle mag- 
nets, and in a parent compound, those on 
neighboring copper ions point in opposite 
directions to form a static pattern known as 
antiferromagnetism (see figure, left). Some 
physicists argue that waves rippling through 
that pattern, which becomes fluids oxygen is 
doped in, provide the glue for pairing. Others 
contend that no glue is needed and that pair- 
ing evolves, ironically, out of the repulsion 
‘between particles alone, Still others have pro- 
posed explanations involving tiny loops of 
current and other mechanisms. No theory 
‘quantitatively accounts for the myriad foibles 
of the complex materials. 


Same tango, different dance floor 

The new iron-arsenide superconductors 
could help sort through the different possi- 
bilities. Hideo Hosono, a materials scien- 
tist at the Tokyo Institute of Technology, 
and colleagues found the first compound, 


J6MAY 2008 VOL320 SCIENCE www.sciencemag.org 


‘ctor. creveunciscience 


fluorine-doped lanthanum oxygen iron 
arsenide (La, ,F,FeAs), as they reported 
online 23 February in the Journal of the 
American Chemical Society. It weighed in 
with a critical temperature of 26 kelvin. 

Four Chinese groups quickly pushed the 
critical temperatures higher by replacing the 
lanthanum with other elements. On 
25 March, Xianhui Chen of the University 
of Science and Technology of China in Hefei 
reported on the arXiv preprint server 
(www.arXiv.org) that samarium oxygen flu- 
orine iron arsenide (SmO, ,F,FeAs) goes 
superconducting at 43 kelvin. Four days 
later, Zhong-Xian Zhao of {OP reported on 
the server that praseodymium oxygen fluo- 
rine iron arsenide (PrO, ,F FeAs) has a crit- 
ical temperature of 52 kelvin. On 13 April, 
Zhao’s team reported a critical temperature 
of 55 kelvin for the samarium compound 
grown under pressure. The compounds all 
have the same crystal structure, and higher 
critical temperatures may be possible i 
researchers can find structures that pack in 
the planes more tightly, Zhao says. 

‘The new compounds show striking simi- 
larities to the cuprates. Like the cuprates, 
they are layered materials, with planes of 
iron and arsenic along which the electrons 
presumably waltz. As in the older materials, 
superconductivity sets in only when the 
“parent material” is doped to change the 
number of electrons in it. In a cuprate, the 
extra oxygen absorbs some electrons; in one 
of the new materials, the fluorine adds elec- 
trons to the iron-and-arsenic planes. 

Many researchers point to another obser- 
vation as potentially key. Pengcheng Dai, an 
experimenter at the University of Tennessee, 
Knoxville, and Oak Ridge National Labora 
tory, and colleagues scattered neutrons off 
Janthanum oxygen iron arsenide doped with 
different amounts of fluorine. They found 
that the nonsuperconducting parent com- 
pound exhibits antiferromagnetism with 
altemating rows of iron ions magnetized in 
opposite directions. That pattern goes away 
as the material is doped and superconductiv- 
ity sets in, the researchers reported 4 April 
on the arXiv, 

A similar thing happens in the older high- 
temperature superconductors, notes Steven 
Kivelson, a theorist at Stanford University in 
Palo Alto, California. “Some form of anti- 
ferromagnetism turns off as superconductiv: 
ity tums on,” he says. “That's very reminis- 
cent of the cuprates.” Given that and the other 
similarities between the new compounds and 
the cuprates, Kivelson says, “it’s a good 
working hypothesis that they're parts of the 
same bigger thing,” 
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Discoverer. Hideo Hosono, a materials scientist at the Tolyo Institute of Technology, cooked the first of the 
hhew superconductors that have captivated researchers the world over. 


Not quite a chip off the ol’ block 

The similarities between old and new super- 
conductors may mask more important differ- 
ences, however. For example, the two fami- 
lies of compounds differ chemically in one 
obvious way. The new compounds contain 
iron, and in bulk iron, the individual mag- 
netic ions tend to line up in the same direc- 
tion to make a “ferromagnet,” the sort of 
thing that will stick to your refrigerator. But 
ferromagnetism and superconductivity usu- 
ally mix about as well as vinegar and oil: A 
‘superconductor ordinarily expels a magnetic 
field that's not too strong, but an overwheim- 
ing magnetic field will rip apart electron 
pairs and kill superconductivity. So the very 
presence of iron hints at new physics, says 
Hosono, the discoverer of LaO, ,F_FeAs. 

“This may be the first compound in which 
ferromagnetic elements and high-tempera- 
ture superconductivity coexist,” he says. 

Perhaps more important, the undoped par- 
‘ent compounds for the iron-arsenide materials 
differ from the undoped parent compounds 
for the cuprates in one key regard, says Philip 
Anderson, a theorist at Princeton University. 
‘The undoped cuprates are exotic Mott insula- 
tors with precisely one electron stuck on each 
copper ion, he notes. In contrast, the undoped 
iron-arsenide materials are more conventional 
metals in which the electrons, numbering two 
per iron ion, flow relatively freely. 

‘That means superconductivity evolves 
from very different starting points in the two 
families of materials, says Anderson, who 
argues that his “resonating valence bond” the- 
ory explains how superconductivity arises in 


the cuprates, without glue, from the Mott 
insulator state. “The only way I canmake itthe 
same is to invent some improbable chemistry 
that reduces [the starting point] to one elec- 
tron” per iron ion, Anderson says, Supercon- 
ductivity in the iron-and-arsenic materials 
‘must bea new beast entirely, he argues. 


Revitalizing the field 
All agree that physicists will need much 
more information before they can decipher 
the new compounds. But such information 
will surely come in a hurry. Thanks to their 
decades of work on the cuprates, condensed 
matter physicists have an arsenal of experi- 
mental and theoretical tools that they can 
now turn to the iron-and-arsenic com- 
pounds, says Patrick Lee, a theorist at the 
Massachusetts Institute of Technology in 
Cambridge. The fact that in the new materi- 
als the superconductivity emerges from a 
more conventional parent compound may 
also simplify matters, Lee says. “This may 
be an easier problem to crack,” he says, 
because “the physics isn’t as profound.” 

Even if the new materials prove as 
inscrutable as the cuprates, their mere appear- 
ance has revitalized the field, as many people 
have wearied of banging their heads against 
the same problems, says Dai. “My honest 
assessment is that this will explode because 
people are so tired of the cuprates,” Dai says. 
“This will give people a new playground.” 
First one to the top of the jungle gym—or to 
figure out how closely the new one resembles 
the old one—is the winner. 

ADRIAN CHO 
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PERSPECTIVES 


edited by Jennifer Sills 


U.S. Concerns over Bluetongue 


M. ENSERINK’S NEWS OF THE WEEK STORY “EXOTIC DISEASE OF FARM 
animals tests Europe's responses” (8 February, p. 710) describes how 
bluetongue, a disease caused by a vector-bome orbivinus, has 

spread widely in ruminant livestock in Europe since 
1999, Unlike Europe, which has only experi- 
enced bluetongue disease in the past 
few years, the United States and the 
‘Americas in general have been en- 
demic for several bluetongue virus 
(BTV) serotypes since first reported 
in the 1950s. The historically preva- 
lent U.S. BTV serotypes, though 
pathogenic in sheep, have caused lit- 
tle to no disease in U.S. cattle. The 
vectors of these serotypes have been 
identified, and their distribution has 

in the past explained the epidemiol- 
ogy of BTV in the United States (J). 
Recently, eight new serotypes of 

BTV and a new serotype of the 


Bluetongue virus particle. A com 
puter model shows the crystalline 
structure ofthe core particle of BTV. 


related orbivirus, epizootic hemor- 
thagic disease virus (EHDV), have 
‘been identified in the United States 


(2, 3). Some of the virus isolates were from clinically affected sheep 
and deer, with others being detected through testing of cattle for 
export. The presence of these new serotypes raises the specter that the 
epidemiology of these viruses in North America may be changing and 
could result in more extensive disease in U.S. livestock and wik 
then ever seen previously. This is bad news for the USS. livestock indus- 
tries and for our ruminant wildlife. 

Our ability to understand the current situation is hindered because 
there is currently no comprehensive surveillance in the United States 
for either BTV or EHDV. A comprehensive surveillance system, 
greater risk assessment, and risk prevention through vaccine develop- 
ment and vector control are all needed. The events in Europe demand 
that we pay attention before BTV and EHDV have similar repercus- 
sions for the United States. 
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In Defense of Max Planck 


THE MAX PLANCK PHDNET, REPRESENTING 
about 4000 Max Planck graduate students, 
takes issue with the unfounded claim by 
Widmar Tanner that a disconnect between 
German universities and Max Planck Institutes 
(MPI) leads to MPI graduates that are “at best 
average” (“Max Planck accused of hobbling 
universities,” News of the Week, G. Vogel, 25 
January, p.396). As young professionals of this 
system, we draw a more accurate portrayal of 
the Max Planck graduates (7). 

MPIs rely heavily on a competitive, for- 
malized, application process typical of elite 
universities requiring transcripts, recommen- 
dations, and faculty interviews. This results in 
selectivity on par with, if not more competi- 


tive than, elite international programs. 

MPIs attract a high number of foreign 
graduate students; 50% of the student popula- 
tion is international, reflecting MPI’ strong 
foothold in the global competition for talent. 
‘This connection establishes relationships 
between foreign graduates and German insti- 
tutes, at a time when Germany is striving to 
“internationalize” its science (“German sci- 
ence takes an intemational view.” News of the 
Week, G. Vogel, 29 February, p. 1172). 

To ensure a high caliber of graduate 
research, MPI students are regularly evalu- 
ated by national and international commit- 
tees. The evaluators have been resoundingly 
impressed by the spirit and scientific quality 
of the students and their research. 

Currently, 49 Intemational Max Planck 


Research Schools (IMPRSs) represent half 
of the MPI graduate students. Since their 
‘inception (2000), IMPRSs have altered the 
MPI graduate experience. Their modern 
approach requires thesis committees, ad- 
vanced graduate courses, sofi-skills training 
(e-g., presentation, communication, leader- 
ship, and time management), and teaching. 
Their establishment has noticeably raised the 
bar for education of all MPI graduate stu- 
dents, as the benefits of IMPRSs are increas- 
ingly extended to all students. 

‘MELISSA BETH DUHAIME, SOREN ALSHEIMER, 
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Effect of Contraceptive 
Access on Birth Rate 


IN HER PERSPECTIVE “REPRODUCING IN CITIES” 
(8 February, p. 764), R. Mace assumes that dif- 
ferences in birth rates between rural and urban 
areas largely represent the wishes of parents 
Human beings in all societies have sexual inter- 
course hundreds or even thousands of times 
‘more offen than is needed to conceive the num- 
berof childrenthey want. Once individuals have 
‘access to the means and information to separate 
sex from childbearing, family size often fa 
rapidly (/). For rural women there are an aston- 
ishing number of barriers to access to modern 
contraception (2), while urban women are offen 
better placed to overcame these barriers. 


‘We suggest that birth rates fallin cities pri- 
marily because contraception and safe abor- 
tion are easier to obtain than in the country 
side. For example, in rural Ethiopia only doc 
tors and nurses are permitted to give contra- 
ceptive injections, so this popular method is 
denied to rural women. The total fertility rate 
(TER) in Ethiopia as a whole is 5.4, while in 
Addis Ababa it is now thought to be below 2.0 
children. Addis is unusual among African cap- 
itals inthat safe abortion was available for sev- 
eral years before the recent liberalization of 
the abortion law. Tens of thousands of opera- 
tions were performed annually and linked to 
effective post-abortion contraceptive advice. 
We posit that fertility will fall in rural 


Ethiopia as contraception and safe abortion 
become more easily available. In Bangladesh, 
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where many women now have access tomod- 

em contraception and reasonably safe abortion, 

two large predominantly rural areas (Khulna 

and Rajhashi) now have replacement-level 
fertility (3), 
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sth, University of Cori, Beret, CA 


References 
1. Pats Pop 
2. MM. Gompbel et 


Dev. Re. 23, (1997), 
i Family Pan. 37.87 (200 
3. Bangladesh Demographic and Heath Survey 2007 
(Wier inematonal, HD, 2007, 


Response 
IT IS CERTAINLY TRUE THAT CONTRACEPTIVE 
services can be hard to acquire in rural 
Ethiopia, asin several other African countries. 
Sinding et a/. used data on unmet need for 
contraception to estimate thatthe total fertility 
rate would drop from about 6 to about 4 chil- 
dren in rural areas of Ethiopia if contracep- 
tives were more readily available to all (7), 
Improved reproductive health services would 
certainly be welcome in much of rural Africa 
and would further reduce rural poverty and ill 
health by helping to reduce unwanted births. 
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But it seems unlikely that rural birth rates 
‘would fall tourban levels, given that in Europe 
(where contraception is available everywhere) 
rural households do still have larger Families 
than city dwellers. 

‘Access to contraception cannot be consid- 
ered the original driving force behind fertility 
decline as, historically, fertility declined in 
Europe without modern contraceptives; the 
desire for smaller families created the demand 
for contraceptives, not vice versa. Furthermore, 
in Addis Ababa, family size correlates posi- 
tively with wealth. Poverty is associated with, 
failure to marry, increased rates of divorce, and 
slower birth rates after marriage (2), when the 
‘wealthy presumably have as good or better 
access to medical facilities than the poor. 

‘Demographers have always focused heav- 
ily on the proximate determinants of fertility, 
especially since Bongaarts's classic paper (3), 
but often to the exclusion of any underly- 
ing theory of reproductive decision-making. 
Emphasis on proximate determinants cannot 
answer questions such as why families of par- 
ticular sizes are favored, or when fertility is 
predicted to stop declining (an earlier notion 
that fertility dectine would stop at replacement 
levels is not supported by the very low fertility 
now seen in Europe). Demography has been 
described by its own practitioners as a field 
without a theory (4). Evolutionary demogra- 
phers are attempting to provide that theory 
through the related fields of human behavioral 
ecology, evolutionary life history theory, and 
cultural evolution. It is possible that demand 
for contraceptive services will eventually beso 
high everywhere that much of the variation in 
fertility will disappear; but even ifso, the ques 
tion of why demand for contraception is so 
high still needs to beaddressed. RUTH MACE 
Department of Anthropotegy, University College Lendan, 
London WOH O38, UK. 
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Financing Tropical 
Forest Preservation 


IN THEIR REVIEW “CLIMATE CHANGE, DEFOR- 
estation, and the fate of the Amazon” (11 
Jamuary, p. 169), ¥. Malhi etal. advocate inter- 
national incentives to reduce tropical defor- 
estation and limit climate change through pro- 
grams that they admit will require extensive 
time and effort to develop. But while seeking 


‘CORRECTIONS AND CLARIFICATIONS 
Reports: “ubistatins inhibit protea- 
sume-depencent degradation by biné- 
Ing the ubiquitin chain” by R Vera et 
f.(1 October 2008, p. 117). In Fig, 
1D, the structure of ubistatin 8 is incor- 
rec The crrect structures shown here 
The reported results for ubistatin 8 are 
‘comectané reproduce he ony exter 
vas in the reporting ofthe structure. 
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Comment on “Habitat Split and the Global Decline of Amphibians” 

David C. Cannatella 

Becker et al. (Reports, 14 December 2007, 0. 1775) reported that forest amphibians with terrestrial develonment 
are less susceptible to the eflecs of habitat degradation than those with aquatic larvae. However, analysis with more 
appropriate statistical methods suggests there is no evidence for a difference between aquatic-reproducing and 
terrestrial-reproducing species. 

Fulltext at wom. sciencemag.org/egicontentull/3205878874¢ 


Response To Comment on “Habitat Split and the Global Decline of Amphibians” 


Carlos Roberto Fonseca, Carlos Guilherme Becker, Célio Fernando Baptista Haddad, 
Paulo Inacio Prado 


Mabitat split, defined as human-induced disconnection betweea habitats used by dilleent life history stages of a 
species, sa Strong factor negatively affecting the richness of Brazilian Atlantic Forest amphibians. Here, the discan- 
nection between streams and forest Iragments i shown to reduce the proportion of species with aquatic larvae in 


local communities 
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these kinds of long-term solutions to reduce 
fossil fuel dependence and global carbon 
emissions, we need stopgap remedies that 
require limited technological advances, will 
not jeopardize developing economies, and 
have a high chance of success. 

Although many promote limitation of 
tropical deforestation as critical to alleviating 
climate change (1), the relative importance of 
tropical versus boreal forests as carbon sinks 
remains uncertain (2). Preserving tropical 
forests may curb net carbon emissions and 
protect substantial amounts of global biodi- 
‘versity. However, the capacity of developing 
nations to manage tropical forests appears 
limited in terms of current administrative 
infrastructure, technical knowledge, and 
political or economic stability. It is essential, 
therefore, to focus initial attention on the car- 
bon sequestering potential of existing boreal 
forests (3). The financial resources and 
administrative capacity of the boreal nations 
(Canada, Russia, the United States, Finland, 
Sweden, and Norway) make such action pos- 
sible, even in the face of increasing demands 
for harvesting. This approach is also fair, 
given that global warming is a problem that 
‘was created primarily by developed nations. 

We propose that carbon credit funds 
be immediately directed toward preserving 


boreal forests. Boreal countries should then 
reinvest these carbon funds to build capacity, 
buy land, swap forests for debt, and provide 
alternative livelihoods in developing tropical 
nations. This will result in substantial carbon 
and biodiversity benefits overall in both 
boreal and tropical regions. 

IAN G. WARKENTIN"> AND NAMJOT. SODHI? 
Environmental Science, Memorial University of New- 
fouratane, Comet Stock, NLAZH 69, Canada. ‘Depart 
rent of Biological Sciences, National Univesity of Singa- 
pote, 14 Science Drive, Singapore 117543, Republic of 
Sipgapare. 
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EXHIBITIONS: ART AND MATHEMATICS 


Bridging the Cultural Divide 


W. Timothy Gowers 


‘magine that you are looking at an abstract 
sculpture and that you lear, after enjoy- 
ing it for a while, that its shape can be 

defined by a very simple mathematical for- 

mula, Moreover, you find out that the sculptor 
is actually a technician who was commis- 
sioned by a mathematician to give solid real- 
izationto the formula. This account of the pro- 
duction of the object in front of you does not 
seem to leave much room for the creative 
process, so can the result be 
art? Should your enjoyment be 
less than if a similar shape had 
been produced without the 
involvement of mathematics? 

Orare the rigid confines of the 

‘mathematical formula entirely 

compatible with a genuinely 

aesthetic response? 

Beyond Measure, an exhi- 
bition about geometry in the 
arts and sciences, raises sev- 
eral questions of this nature. 
Perhaps the best attitude to take 
to the exhibits is one expressed 
by Ernst Gombrich: “Actually I 
do not think that there are any 
wrong reasons for liking a 
statue or @ picture, Someone 
may like a landscape painting 
because it reminds him of 
home, ora portrait because it reminds him of a 
friend, There is nothing wrong with that” (2). 
Likewise, scientifically trained visitors to 
Beyond Measure will be able to connect many 
of the exhibits on display with their experience 
and education, and this is a source of pleasure 
that does not differ importantly from connect- 
ing works of art with other, supposedly more 
‘human, forms of experience. 

‘The exhibition aims to foster dialogue 
among mathematicians, scientists, architects, 
artists, and designers: anybody, that is, for 
whom geometry is important. So as well as 
containing mathematical models, it has work- 
ing models made by famous scientists, draw- 
ings and plans by architects, and mathentati- 
cally inspired paintings, sculptures, and 
designs. Taken together, these items form a 
remarkably coherent whole, and in this sense 
the exhibition succeeds admirably 


‘The eviewer [sat the Department of Pure aatherates ané 
Mathematical Statistics, Centre for Matheratial Sciences, 
University of Cambridge, Wilberforce Raae, Cambridge C33 
0W3, UX Ema: vig10@am.acuk 


My one complaint is that there is not 
‘enough information about the exhibits. For 
instance, one item is a display of crocheted 
hyperbolic surfaces. As a mathematician, I 
understood what these were and could appre- 
ciate them, but many others would surely 
have benefited from an account, of a kind that 
would not have been hard for a mathemati- 
cian to write, of the difference between posi- 
tive and negative curvature and of why cro- 
chet was a particularly good 
medium for realizing a nega- 
tively curved surface. Without 
such an account, the surfaces 
that delighted me must have 
‘come across to many people as 
nothing more than bits of ero- 
chet that were oddly twisted. 

‘Similar remarks could be 
made about a shelf with 
an extraordinary collection of 
glass Klein bottles. Or rather, 
that is what they were topolog- 
ically speaking, but they did 
not all look like a typical illus- 
tration of the Klein bottle ina 
book—they included exotic 
twists and spirals that left one 
‘wondering how they could pos- 
sibly have been made. How- 
ever, nowhere was there any- 
thing to read about one-sided surfaces. Many 
people will therefore have missed the pleasure 
of fixing their eyes on a point of the surface 
and then tracing outa path that ends up on the 
other side of the glass from the starting point 

I found myself completely stumped by a 
item titled Jnversions. It consisted of pairs 
of interesting three-dimensional curved 
shapes, of which one saw the top halves 
directly and the bottom halves ina 
mirror on which the top halves stood. 
T very much wanted to know what 
the inversion was that related one 
shape in each pair to the other, 
but there was no attempt to say, 
even roughly. 

‘The catalog is full of vague pieties 
about the need for dialogue between 
artists and scientists. But by not really 
trying to explain the science behind 
the exhibits, the exhibition missed the 


Model of 2 hyperbolic area (crocheted wool), 
Daina Taimina, 


Glass Klein bottles, Alan Bennett (1995), 


chance for dialogue of the most obvious and 
potentially fruitful kind. This is important 
because the more you know about what you 
see, the deeper your appreciation, whether or 
not you wish to call it aesthetic. However, the 
exhibits themselves cannot be faulted. If you 
are in Cambridge, you should not miss the 
chance to see them. And perhaps for some visi- 
tors they will spark an interest in mathematics 
and science that can be followed up on later. 
‘The lack of dialogue goes in the other 
direction as well. For example, we could have 
been told how the artist Keith Tyson produced 
his painting Quad Start Double Bounded 
Random Walk. There were tantalizing clues: a 
zigzag that had clearly been generated ran- 
domly (but how exactly?) was used as the 
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basis fora curve that approximated it. Buthow 
systematic was the derivation of the curve 
from the zigzag? It would have been good to 
‘know, because the curve had a peculiarly sat- 
isfying shape. It came across both as a very 
successful example of abstract expressionism 
(even ifat one level the success was accidental 
and not necessarily “expressing” anything), 
andalso asa direct and intuitive illustration of 
large-scale order just beginning to emerge 
from a succession of random choices. 

‘One item that bucked the trend wasa video 
display of a rotating four-dimensional hyper- 
cube. An accompanying audio commentary 
explained carefully what one was seeing and 
drew useful analogies between that and the 
ordinary three-dimensional cube. As a result, 
one began to feel that one was truly under- 
standing the fourth dimension. This piece 
showed how much more Beyond Measure asa 
‘whole could have achieved. 
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SCIENCE AND RELIGION 
Rethinking History 
for a New Islamic 


Science 
Jane H. Murphy 


121727 a Balkan Muslim convert, Ibrahim 
[isso procured a license for the 
first Islamic-run printing press in the 
Ottoman Empire. Sensitive to the uproar in 
Christian Europe over the heliocentric model 
of the universe, he worried that a Turkish trans- 
lation of the Copernican model would create 
‘opposition to his press. However, clerical reac- 
tion to the treatise was mild: as long as God's 
position as creator of the universe was pre- 
served, the movement of Earth caused no theo- 
logical objection. Still, Muteferrika’s press was 
short lived. It wasn’t Islamic opposition but 
rather the power of the guild of copyists and 
calligraphers (with tens of thousands of mem- 
‘bers) that successfully blocked his enterprise. 
‘Muteferrika’s story echoes many of the 
themes of Muzaffar Iqbal’s Science and 
Islam and highlights one of the analytic 
problems of Iqbal’s larger project: So-called 
Islamic opposition to rational study of the 


The reviewer is at the Department of History, Colorado 
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natural world has little theological basis or 
historical evidence. On the contrary, the 
broad Islamic tradition produced commen- 
taries and new treatises on mathematical, 
astronomical, astrological, geographic, 
botanical, and medical sciences from the 8th 
through 18th centuries. And today scientific 
education is present in every Islamic nation, 
although Igbal (a writer and Islamic scholar 
who trained as a biochemist) despairs about 
the quality of such education. [f religious 
‘opposition did not stop science in the past or 
now, however, why is Iqbal just as despon- 
<dent as Islam's harshest critics about the cur- 
rent state of science in Islamic countries? He 
must embrace a sense of crisis because he is 
advocating a radical shift in policy and aims. 

Iqbal does not merely seek increased 
funding for science and greater appreciation 
of scientific inquiry in the Islamic world. 
Rather, he calls for “a major intellectual 
revolution in the Muslim world.” His goal 
with the book and his Center for Islam and 
Science (www.cis-ca.org) is to 
advocate a new mode of science 
that is modern in its range and 
achievement while Islamic in its 
worldview. This new Islamic 
science must differ qualitatively 
from Western science, although 
he gives little to clarify just 
‘what it would look like in scope 
or practice. 

Ostensibly a history of sci- 
ence and Islam, Iqbal’s book is best read as a 
diagnosis of the current state and a prescrip- 
tion for future reforms. Its most animated 
analysis comes in the concluding chapters 
and the author’ call for change. Much of the 
book consists of a selective survey of scien- 
tific achievements in the Islamic tradition, 
with particular focus on mathematics and 
astronomy. However, his approach to this, 
material is not fundamentally historical. 
Iqbal rejects the historicization of Islam 
("Islam is not a fluid conceptual framework 
that keeps changing with time”), and he also 
‘minimizes the role that astrology and divina- 
tion, not to mention alchemical beliefs, 
played in Islamic and European scientific 
practices well past the Renaissance. To him, 
the Islamic scientific patrimony is primarily 
important not for the insight it might offer 
into earlier historical periods but for the role 
itshould play in creating a new alternative to 
modern Wester science. This is an ambi- 
tious intellectual project but one still trying 
to gain followers. 

Iqbal rightly shows that whatever reli- 
gious antagonism one finds before the 19th 
century, and particularly the critical writings 


of al-Ghazali (1058-1111), proved less 
influential than religious and social en- 
couragement of science loosely termed. 
However, he is ultimately reluctant to offer 
social, political, or economic remedies for 
the current state of affairs and instead 
returns the debate to the terms of religion. 
For him, none of the 57 members of the 
Organization of the Islamic Conference 
“produce any science worth its name,” and 
this is because the science (and technol- 
ogy) they seek remains ultimately foreign to 
an Islamic worldview. 

‘The author usefully draws readers’ atten- 
tion to the ways in which modern science 
and European colonization extended one 
another's reach and therefore complicated 
questions of modernization and resistance in 
19th- and early-20th-century colonies. In his 
analysis, reformers like Jamal al-Din al- 
Afghani (1838-1897) and Sayyid Ahmad 
Khan (1817-1898) are seen as advocating a 
kind of scientism that appears just as dated 

as Herbert Butterfield’s faith 
in science to push out all con- 
tenders for social authority. 
‘The problem for Iqbal is that 
he wants to re-create the Euro- 
pean trajectory from various 
forms of knowledge of the natu- 
ral world to “science worth its 
xname” while preserving amode 
of transformation and ultimate 
product distinct from that which, 
emerged in Europe. Islamic science must 
‘measure up to Western science but must also 
differ from its yardstick. Iqbal’ argument in 
favor of such a program of Islamic science 
comes both from a post-1950 critique of sci- 
ence and technology and of the power that this 
form of knowledge holds in the modem world 
and from his particular interpretation of the les- 
son to be drawn from the past two centuries of 
failed scientific reform movements. 

As Iqbal concedes, most Islamic govern- 
ments and their general publics do not share 
his goal. Rather, his call comes from “a 
small minority of Mustim scholars.” Indeed, 
Iqbal ultimately posits “a deep-seated, 
almost insatiable, hunger for modem sci- 
ence in the Muslim psyche,” a hunger 
explained as a feeling of inferiority emerg- 
ing from the colonial experi 

Iqbal wants to revive Istamic intellectual 
society through a reclamation—or more 
properly the creation—of'a modern Islamic 
science. If his project succeeds, modern 
Islamic science, rather than bringing Islamic 
societies further into Euro-American net- 
‘works of institutions and practices, would bea 
pointof differentiation. 0.226/ence.2187350, 
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ECONOMICS 


The Promise of Prediction Markets 


Kenneth J. Arrow,' Robert Forsythe? Michael Gorham. Robert Hahn,** Robin Hanson 


The ability of groups of people to make 
predictions isa potent research tool that should 
be freed of unnecessary government restrictions, 
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rediction markets are forums for trad 

ing contracts that yield payments based 

on the outcome of uncertain events 
‘There is mounting evidence that such markets 
can help to produce forecasts of event out- 
‘comes with a lower prediction error than con- 
‘ventional forecasting methods. For example, 
prediction market prices can be used to 
increase the accuracy of poll-based forecasts 
of election outcomes (J) (see the figure), offi- 
cial corporate experts” forecasts of printer 
sales, and statistical weather forecasts used 
by the National Weather Service. 

Several researchers emphasize the poten- 
tial of prediction markets to improve deci- 
sions (2-5). The range of applications is vir- 
tually limitless—from helping businesses 
make better investment decisions to helping 
governments make better fiscal and mone- 
tary policy decisions, 

Prediction markets have been used by 
decision-makers in the U.S. Department of 
Defense (6), the health care industry (7), and 
multibillion-dollar corporations such as 
Eli Lilly, General Electric, Google, France 
‘Telecom, Hewlett-Packard, IBM, Intel, Micro- 
soft, Siemens, and Yahoo (8). The prices in 
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Information ion Through Time 
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Information revelation through time. Data are from the lowa Electronic Markets for markets predicting the 
‘mo-party vole shares from the 1988, 1992, 1996, and 2000 presidential elections (19). The vertical axis 
plats the average absolute difference between the market prediction and the actual vote share. In the week 
immediately before the election, the market erred by an average of 1.5 percentage points compared with an 
average error of 2.1 percentage points forthe final Gallup poll. The longer-run forecasting performance of 
the market is aiso impressive, with an average error of only 5 percentage points 150 days before the election, 
atime when polis have much larger ertars when interpreted as predicions, Calculations are based on data 


available at wene.bie.viowa.eduliem. 


these markets reflect employees” expecta- 
tions about the likelihood of a homeland 
security threst, the nationwide extent ofa flu 
‘outbreak, the success of a new drug treat- 
ment, the sales revenue from an existing 
product, the timing of a new product launch, 
‘and the quality of a recently introduced sofi- 
ware program. 

‘These markets could assist private firms 
‘and public institutions in managing economic 
risks, such as declines in consumer demand, 
and social risks, such as flu outbreaks and 
environmental disasters, more efficiently. 

Unfortunately, however, current federal 
and state laws limiting gambling create sig- 
nificant barriers to the establishment of 
vibrant, liquid prediction markets in the 
United States. We believe that regulators 
should lower these barriers by creating a legal 
safe harbor for specified types of small- 
stakes markets, stimulating innovation in 
both their design and their use (9). 


How and Why Prediction Markets Work 
‘An example will help to clarify the prediction 
market concept. Considera contract that pays 
$1 if Candidate X wins the presidential elec- 


tion in 2008. Ifthe market price of an X con- 
tract is currently 53 cents, an interpretatio 
that the market “believes” X has a 53% 
chance of winning. Prediction markets reflect 
a fundamental principle underlying the value 
of market-based pricing: Because informa- 
tion is often widely dispersed among eco- 
nomic actors, itis highly desirable to find a 
mechanism to collect and aggregate that 
information, Free markets usually manage 
this process well because almost anyone can 
participate, and the potential for profit (and 
Joss) creates strong incentives to search for 
better information. To be sure, a lively debate 
has arisen about whether prediction market, 
prices are subject to various biases, which 
might diminish their accuracy as an aggrega- 
tion mechanism (0-14). However, predic- 
tion markets have been used with success ina 
variety of contexts. 


Legal Impediments 
The use of prediction markets has been 
greatly deterred by state and federal laws 
restricting Internet gambling because at 
least some of these laws are plausibly under- 
stood to cast serious doubts on prediction 
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markets. Currently, eight states bar Internet 
gambling outright. In 2006, President Bush 
signed the Unlawful Intemet Gambling 
Enforcement Act, designed to crack down 
on such gambling. 

‘The legal questions here are complex, but 
to create a prediction market in the United 
States that is unambiguously legal, one must 
run a regulatory gauntlet (/5). [n principle, 
these difficulties could be avoided by creat- 
ing prediction markets outside the United 
States, but this approach could suppress inno- 
vation and reduce opportunities to aggregate 
information and improve decisions. It would 
be better for US. authorities to clarify the cir- 
cumstances under which prediction markets 
are plainly legal. 


Breaking the Legal Impasse 
‘We suggest that two steps should be taken to 
facilitate the use of prediction markets while 
still meeting the legitimate concerns of law- 
makers and regulators. 

(i) The Commodity Futures Trading 
‘Commission (CFTC), the federal regulatory 
agency that oversees futures market activity, 
should establish safe-harbor rules for selected 
‘small-stakes markets. One limited safe harbor 
is theno-action letter, in which the CFTC mar- 
ket oversight staff confirms in writing that it 
will not recommend enforcement action if the 
recipient acts in specified ways. The only pre- 
diction market to receive a no-action letter (in 
1992) is the Iowa Electronic Markets (16), 
which is run by professors at the University of 
Towa and which initially focused on presiden- 
tial elections. Although such no-action letters 
reduce the chances of legal action under other 
state and federal laws, they may not be ade- 
quate. We would therefore urge the CFTC to 
explore other approaches to ensuring safe har- 
bors, for example, formal rules or guidance 
approved by the commission. 

‘We suggest that three types of entities be 
eligible for safe harbor treatment. The first 
‘would be not-for-profit research institutions, 
including universities, colleges, and think 
tanks wishing to operate exchanges similar to 
the Towa Electronic Markets. The second 
‘would be government agencies seeking to do 
research similar to that of nongovernmental 
research institutions. The third group would 
consist of private businesses and not-for- 
profits that are not primarily engaged in 
research, which would only be allowed to 
operate internal prediction markets with their 
employees or contractors. 

In all cases, markets would be limited to 
small-stakes contracts. Although the defini- 
tion of small stakes is somewhat arbitrary, we 
‘use the term to mean an exchange in which 


the total amount of capital deposited by any 
‘one participant may not exceed some modest 
sum, perhaps something like $2000 per year. 

‘The exchanges themselves would be not- 
for-profit but would be allowed to charge 
modest fees to recoup administrative and reg 
ulatory costs. Brokers and paid advisers 
‘would be barred, reducing the risks that con- 
tracts would be sold to inappropriate or vul- 
nerable customers or that customers would be 
charged fees above the amounts needed to 
maintain the markets. Exchanges would be 
self-regulated, leaving them with the respon- 
sibility to make reasonable efforts to keep 
‘markets free from fraud and manipulation. 

For its part, the CFTC should allow con- 
tracts that price any economically meaningful 
event. This definition could allow for 
contracts on political events, environmental 
risks, or economic indicators, such as those 
offered by the Iowa Electronic Markets, but 
‘would presumably not include contracts on 
the outcomes of sports events. 

‘The contracts qualifying under this safe 
harbor would also create opportunities 
for more efficient risk allocation (17). 
Although the small-stakes nature of these 
markets would necessarily limit their use- 
fulness for hedging risk, they could serve as 
proofs of concept for larger-scale markets 
that could be developed under alternative 
regulatory arrangements. 

‘The CFTC should allow researchers to 
experiment with several aspects of prediction 
markets—fee structures, incentives against 
‘manipulation, liquidity requirements and the 
like—with the goal of improving their design 
Prediction markets are in an earlystage, andif! 
their promise is to be realized, researchers, 
should be given flexibility to learn what kinds 
of design are most likely to produce accurate 
predictions. OF course, exchanges would 
need to inform their customers so that they 
are aware of the risks and benefits of partici- 
pating in these markets. 

ii) Congress should support the CFTC’s 
efforts to develop prediction markets (18). To 
the extent that the CFTC incurs costs in pro- 
‘moting innovation, Congress should provide 
the necessary funding. More fundamentally, 
Congress should explore alternative ways of 
securing a legal framework for prediction 
markets if the CFTC’s existing authority 
proves inadequate. In particular, Congress 
should specify that a no-action letter, orsimi- 
lar mechanism, preempts overlapping state 
and federal antigambling laws. Because 
Congress did not intend the CFTC to regulate 
gambling, itis important to design new regu- 
lations so that socially valuable prediction 
markets easily qualify for the safe harbor but 


gambling markets do not, 


Conclusion 
We have suggested some modest reforms at 
the federal level that we hope will facilitate 
the development of prediction markets. 
‘These markets have great potential for im- 
proving social welfare in many domains. 
‘American leadership in this area is likely to 
encourage parallel efforts in other countries, 
speeding the development of this tool. The 
first step in helping prediction markets 
deliver on their promise isto clear away regu- 
latory barriers that were never intended to 
inhibit socially productive innovation. 
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CIRCADIAN RHYTHMS 


Integrating Circadian Timekeeping  s.02+s:1sianinsieesna nsianins 
with Cellular Physiology 


Marie C. Harrisingh and Michael N. Nitabach 


ircadian thythms are daily rhythmic 

variations in physiology and behavior 

that are found in organisms as diverse 
as animals, plants, fungi, and cyanobacteria. 
‘The effects of circadian rhythms are ubiqui- 
tous, from the opening of flowers in the mom- 
ing and their closure at night, to the jet lag 
caused by our inability to rapidly adapt to a 
change in time zone. Circadian rhythms are 
generated by interconnecting feedback loops 
‘wherein “clock protein” transcription factors 
negatively regulate the expression of the 
“clock genes” that encode them. A further 
level of complexity arises through the post- 
translational modification of clock proteins, 
\hich influences their stability and transloca- 
tion to the nucleus (7). Once in the nucleus, 
clock proteins control the transcription of not 
only the genes that encode them, but also of 
output genes, leading to rhythmic changes in 
gene expression that ultimately result in chyth- 
mic changes in physiology and behavior. 
Recent studies suggest that this model of a 
negative transcriptional feedback oscillatory 
‘mechanism is incomplete (2-9). O’Neill et al. 
on page 949 of this issue (2) and other work (3, 
4,6) suggest that our understanding of the cel- 
lular and molecular basis of circadian time- 
keeping should be expanded to encompass 
intracellular small molecules that function in 
cell signaling (see the figure). 

O'Neill et al. observed circadian oscilla- 
tions in the concentration of intracellular 
‘adenosine 3", 5 monophosphate (cAMP) in the 
‘mouse suprachiasmatic nuclei, the so-called 
‘master circadian pacemaker of the mammalian 
brain. When the authors generated constitu- 
tively low or high concentrations of cAMP by 
pharmacological means, they eliminated cirea- 
dian rhythms of clock gene transcription. 
‘Furthermore, simultaneously reducing the con- 
centration of cAMP in suprachiasmatic nuclei 
tissue slices that were previously oscillating 
with different circadian phases caused the 
phases to become synchronized. Finally, 
decreasing the rate of AMP synthesis slowed 
the circadian rhythm of gene transcription. 


Department of Cellular and Molecular Physiology, Yale 
School of Medicine, New Haven, CT06520, USA. Enal: 
michael itabach@yale.ee 


Together, these results impli- 
cate cAMP as a component of 
the cellular oscillatory mecha- 
nism, and suggest that cAMP 
signals participate in another 
feedback loop that integrates 
‘with negative transcriptional 
feedback on clock genesto gen- 
erate cellular rhythms. 
Oscillations in the concen- 
tration of the small molecule 
cyclic adenosine diphosphate 
ribose (CADPR) have recently 
been linked to the circadian 
timekeeping mechanism in 
plants (3). cADPR mobilizes 
intracellutar C2 from intemal 
stores. In the flowering plant 
Arabidopsis thaliana, changing 
the concentration of cADPR 
alters the period of circadian 
timekeeping, and oscillations in 
‘cADPR concentration are abol- 
ished in plants that lack all 
known circadian shythms. These 
results implicate cADPR as 
another intracellular small-mole- 
ccular signal that integrates with 
transcriptional feedback loops 
in generating circadian rhythms. 
Circadian oscillations in the 
concentration of cADPR drive 
coordinate oscillations in the 
concentration of cytoplasmic 
Ca (3), raising the possi 
that C2* oscillations may also 
Participate in rhythm genera- 
tion. Circadian oscillations in 
the concentration of cytoplas- 
mic Ca? have also been ob- 
served in the mammalian suprachiasmatic 
nuclei (0, 12), but until recently have been 
‘considered solely a rhythmic output that modu- 
Jates neuronal excitability in this master pace- 
maker. However, culturing suprachiasmatic 
‘nuclei tissue slices under a range of conditions 
that interfere with these fluctuations in Ca** 
(A), including blockade of voltage-gated Ca™* 
channels, results in a loss of circadian rhyth- 
‘icity. Thus, cytoplasmic Ca signals induced 
by depolarization-mediated influx through 


in plants, flies, and mammals are expanding to 
include intracellular small-molecule signals. 


Cydtic 
nucleotide-gated 
fon channel 


Expanding clocks. Intracellular small molecules couple to circadian 
clock mechanisms. In Arabidopsis, oscillations in cADPR signals are 
coupled to negative transcriptional feedback loops of the clock, possi 

bly through the release of Ca®* from internal stores. In Drosophila, 
changes in ionic conductances atthe cell surface regulate transcrip- 
tional feedback oscillations of the clock, possibly by a mechanism 
involving Ca+-mediated signaling through CaM and CaNNKIL In mam: 

mals, oscillations in Ca! and CAMP signals integrate with transcrip 

tional feedback loops of the clock. 


‘voltage-gated channels appear to play a key 
role in rhythm generation in the mammalian 
suprachiasmatic nuclei, 

‘Changes in membrane potential are also 
essential for maintaining rhythmic oscilla- 
tions in the expression of clock proteins in the 
fly Drosophila melanogaster (3), leading to 
the hypothesis that voltage-gated conduc- 
tances influence transcriptional feedback 
‘oscillation through cytoplasmic Ca?* signals. 
‘Transgenic flies expressing varying amounts 


wwwsciencemag.org SCIENCE VOL320 16MAY2008 


879 


| PERSPECTIVES 


880 


of a Ca**-buffering protein, parvalbumin, in 
the pacemaker neurons (cells that determine 
the periodicity and phase of behavioral 
shythms) exhibit a slowing of the transcrip- 
tional feedback oscillator, demonstrating that 
intracellular Ca* signals control the genera- 
tion of circadian chythms in fies as well (6). 

These studies raise the question of which 
‘mechanisms couple oscillations of intracellular 
signaling molecules to the transcriptional feed- 
back loops of circadian clocks. Of the cAMP 
effectors studied by O'Neill etal, only inhibi- 
tion of the hyperpolarization-activated cyclic 
nucleotide-gated ion channel or the guanine 
‘ucleotide-exchange factors Epac 1 and Epac 
2 suppressed circadian gene expression. Ap- 
plication of an Epac agonist resulted in the 
Phosphorylation and increased activity of 
cAMP response element-binding (CREB) pro- 
tein, a transcription factor. This suggests that 
changes in cAMP signaling could feed into the 
circadian transcriptional oscillator by regulat- 
ing the expression of genes that contain binding, 
sites for CREB. Such genes include the cirea- 
dian clock genes Per! and Per2. 

Genetic interaction analysis in Drosophila 
(©) implicates Ca*sensitive calmodulin 
(CaM) and Cx*/calmodulin-dependent protein 


kinase II (CaMKID proteins in coupling intra- 
celhular C2 signals to transcriptional feedback 
loops of the fly clock. CaMKII activity has 
been linked to CREB phosphorylation in mam- 
‘mals (/2, 13), so pethaps changes in intracellu- 
lar Ca® concentrations in Drosophila lead to 
changes in circadian gene expression ina man- 
ner similar to that of cAMP signals in mam- 
mals. Interestingly, Drosophila (CREB2 activ- 
ity cycles in a circadian manner (14) and is 
altered in per mutants, and mutations in 
CREB? in tum affect per expression. In 
Arabidopsis, CADPR may regulate the tran- 
scriptional oscillator by a mechanism involving, 
‘Ca signaling (3). However, Ca* release from 
internal stores can also be triggered by the 
(Ca?*-sensing receptor-inositol 1,4,5-trisphos- 
phate pathway (/5) and may also thereby con- 
tribute to regulating C2* oscillations. 

‘These recent studies indicate that negative 
transcriptional feedback is neither sufficient, 
nor even necessary in some cases, for circadian 
oscillation (2-9). Circadian timekeeping 
should now be thought of as an integrated 
emergent property of the cell that involves 
interactions between negative transcriptional 
feedback loops and key intracellular small- 
molecule signaling molecules. Itisnot yetclear 


‘how transcriptional feedback oscillations influ- 
‘ence oscillations in the concentrations of intra- 
cellular small-molecule signaling molecules. 
‘Whether other cellular physiological processes 
and signaling molecules integrate with tran- 
scriptional feedback in the generation of cellu- 
Jar rhythms also remains an open question. 
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PLANT SCIENCE 


Plant Stress Profiles 


Laurentius A. C. J. Voesenek and Ronald Pierik 


imate change affects the performance 

‘of many crops and wild plants world- 

wide (/), so understanding the inter- 
play between plant development and environ- 
mental adversity is key to crop improvement 
and to predicting changes in species distribu- 
tion and biodiversity. An important new dimen- 
sion has been added to this field by Dinneny 
et al. on page 942 of this issue (2). With 
unprecedented detail and developmental reso- 
lution, the study reports stress-induced gene 
expression (transcript profiles) for the flower- 
ing plant Arabidopsis thaliana and provides a 
Unique entry into understanding the subtleties 
‘of plant stress responses. 

Dinneny et al. generated genome-wide 
expression maps of Arabidopsis roots exposed 
tocither a high-salt medium (osmotic stress) or 
an iron-deficient medium (nutrient stress) at 
three organizational levels— intact roots, roots 
divided into four longitudinal zones as proxies 


Plant Ecophysiology, institute of Environmental Biology, 
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for developmental time, and root 
cells segregated along the radial 
axis—yielding six different cell 
types. Much larger numbers of 
regulated genes were found in the 
second and third ofthese sets rel 
ative to the first set, indicating a 
serious dilution of information 
‘when only intact roots are ana- 
lyzed. A major finding is that cell 
‘identity determines the gene pool 
that is regulated during stress, as 
reflected by the high degree of 
cell specificity in functional gene 
categories. This specificity re- 
quires maintenance of cell fate 
during stress, which is probably 
ensured by a transcript cohort 
enriched in cell-identity genes 
that remains unaffected by environmental stress. 

A large portion of the transcript profile per 
cell type changes dramatically upon stress. 
However, 2 comparison of the regulated genes 
between high-salt treatment and low-iron treat- 
‘ment revealed that only 20% of genes regulated, 


Cell-specific transcript profiles reflecting 
response to environmental adversity add a 
‘new dimension to plant stress biology. 


‘Multiple stresses at hand. Various environments within a river- 
dominates system (River Waal, Netheriands) include shallow water 
‘bodies that are maintained throughout the year and elevated parts 
that are better drained. The latter has high plant productivity but 
suffers from draught stress, The entre region gets flooded occasion 
ally rom melting snow in the Alps anc strong precipitation, 


bysalt stress are also altered by iron deficiency. 
‘Surprisingly, a lange proportion of these genes 
are regulated in a cell-specific manner, which 


suggests that cell type-specific processes are 
common targets for stress regulation. It will be 
interesting to see whether these genes are com- 
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‘mon targets for other stresses. 

Growth regulation may function in adverse 
environments to conserve energy for stress 
resistance. Dinneny et al. suggest that genes 
regulated by both salt stress and iron shortage 
in the outermost (epidermal) root cell layer 
suppress root growth for both stresses. 
Reduced shoot growth in response to high salt 
involves accumulation of DELLA proteins, 
transcriptional regulators that inhibit cell 
growth (3)-DELLA proteins are targets for the 
plant hormone gibberellin, and their abun- 
dance is controlled by different environmental 
‘cues such as salt (3) and light (4). Integration 
of different cell signaling routes was also 
recently described for the protein kinases 
KINIOandKINII (5). These enzymes orches- 
‘rate transcriptional networks to globally regu- 
Jate metabolism during plant development and 
stress exposure. Further exploration of gene 
expression profiles may identify yet unknown 
integrators of environmental stresses and 
developmental processes in plants. 

Comparing the effects of different stresses 
is an important step toward understanding 
plant behavior under realistic field conditions 
‘where stresses rarely occur alone. The impor- 
tance of multiple stress exposure was illus- 
trated by a study in which Arabidopsis was 
exposed to heat and drought simultaneously 
(6) Fewer than 10% of the regulated genes in 
this dual-stress treatment overlapped with the 
gene cohort regulated by both of the individ- 
ual stress treatments. This indicates that multi- 
ple stresses control largely separate gene net- 
‘works that cannot be predicted from studying 
the individual stresses alone (6, 7). 

Field observations not only demonstrate 
that multiple stresses often occur simultane- 


ously, but also that most stresses vary in dura- 
tion and intensity. These variations can select 
for different suites of adaptive traits that are 
cell-specific and set in motion by different sig- 
naling and transcriptional networks. One such 
example is the variation in flooding regimes in 
river floodplains (8) (see the figure). Floods 
with deep and/or transient high waters select 
for a so-called “low oxygen quiescence syn- 
drome,” characterized by down-regulation of 
growth (for energy and carbohydrate conserva- 
tion) and up-regulation of the expression of 
genes involved in detoxification of reactive 
‘oxygen species that accumulate during flood- 
ing (9, 10). On the other hand, shallow, long- 
lasting floods typically select fora “low oxygen 
escape syndrome,” which involves a multitude 
of tats including elongation of stems and peti- 
oles. These traits are regulated in different cell 
types and help plants to outgrow the water, ths 
avoiding oxygen depletion and carbohydrate 
starvation (8, /J-14). During submergence, 
entrapment of the volatile plant hormone ethy!- 
ene promotes expression of SUBIA, a gene 
encoding an ethylene-responsive transcription 
factor (15). Accumulation of the SUBIA pro- 
tein induces the low axygen quiescence syn- 
drome, asit represses the transcription of genes 
related to cell elongation and carbohydrate 
catabolism (9). This results in energy-conserv- 
ing, non-elongating rice varieties. In cultivars 
that lack SUBIA, ethylene, by contrast, induces 
the low oxygen escape syndrome by stimulat- 
ing cell elongation. Hence, the presence of one 
particular transcription factor can determine a 
plant's adaptive strategy for survival. Such 
insights could help crop breeders deliver culti- 
‘vars that behave optimally with respect to local 
environmental conditions. 


PERSPECTIVES L 


Genome-wide transcript profiling with 
high spatial and developmental resolution isa 
‘major leap forward in understanding stress tol- 
cerance in multicellular organisms. A next step 
will be detailed fictional studies ofthe signal- 
ing networks that coordinately regulate tran- 
scripts that determine phenotypic conse- 
quences critical to surviving environmental 
adversities. Another major challenge is to 
reproduce natural conditions in experimental 
studies by incorporating multiple stresses that 
vary in intensity and duration. This will 
increase our understanding of the diversity of 
stress adaptation mechanisms and provide 
opportunities to further improve crops that 
grow in marginal environments to meet 
increasing global food demands. 
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CHEMISTRY 


The Changing Shapes of Molecules 


Dmitry G. Melnik and Terry A. Miller 


recise diagnostics are important for 
conveying information about an ob- 


jects properties. In retail stores, bar 
codes are used to identify goods. Similarly, 
spectra are widely used in chemistry to iden- 
tify molecular properties. On page 924 of 
this issue, Dian et al. (/) report the use of a 
new spectroscopic technique that makes it 
much easier to identify the shapes of mole- 
cules as they change, 


Laser Spectroscopy Facllty, Department of Chersstry, 
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Like any good diagnostic, molecular 
spectroscopy needs to be fast, sensitive, and 
selective. Several different types of spec- 
troscopy can elucidate molecular proper- 
ties, but the finest level of molecular 
detail—the molecule’s shape—can best be 
identified by microwave spectroscopy. 
Traditionally, this technique provides excel- 
lent selectivity and sensitivity but suffers 
limitations in speed. The new microwave 
spectroscopic technique used by Dian et al 
dramatically enhances the speed of acquir- 
ing rotational spectra without sacrificing 
sensitivity or selectivity. 


Anew microwave spectrometer enables the 
geometries of molecules to be tracked as they 
interconvert between different shapes. 


Molecular shape plays an important role 
{in chemical reactivity. Nowhere is this more 
apparent than in biochemistry. For example, 
biopolymers are dominated by L-amino acids 
and p-sugars, whereas their mirror image 
molecules are nearly absent (2). Subtle shape 
differences also have big effects for fatty 
acids. Those with hydrogen atoms located on 
opposite sides of the carbon-carbon double 
bond are more likely to raise bodily LDL 
cholesterol levels than are those that have the 
hydrogens on the same side (3). 

‘The complete determination of the 
three-dimensional molecular geometry by 
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Of horses and molecules. Different poses of horses (top panel core- 
spond to ciferent tee-dimensional entities. Similarly, microwave spectra 
‘of tuo differenly shaped stereoisomers (axial and equatorad) of a substi 
tuted cyclohexane molecule are distinct, However, these entities are not 
fixed (bottom panel) The horse can move between different shapes or 
forms, with a siow camera capturing elements from them all Simiary, 
en the cyclohexane molecule has been energize, it rapiaty intercorwerts 
between the two stereoisomers, giving rise to a composite spectrum of the 
nature ofthat recarded by Dian eta. for cyclopropane carboraldehyce, 


microwave spectroscopy alone is feasible only 
for very simple molecules. Typically, only a 
few unique shapes (stereoisomers) are stable 
fora given molecule, and a high-resolution 
rotational spectrum unambiguously distin- 
guishes among them. Traditionally, micro- 
‘wave spectra were acquired through continu- 
ous frequency scanning. in early experiments, 
the accumulation of a spectrum could require 
‘many hours (4). Recent advances have re- 
duced acquisition times to minutes or seconds 
(5), albeit with diminished resolution and 
hence possibly selectivity. 

‘An alternative to continuous frequency 
scanning was pioneered by Balle and Flygare 
(6), who exposed molecules to a short burst 
of microwave radiation and then recorded the 
temporal profile of the emanating radiation. 
Fourier transformation of this profile yields 
rotational spectra of superb resolution and 
sensitivity. This Fourier transform micro- 
wave (FTMW) spectroscopy was, however, 


relatively slow, because the 
bandwidth covered in a sin- 
gle pulse was limited to less 
than 1 MHz due to instru- 
mental constraints on pulse 
duration (6). This was a 
problem because molecular 
species and shapes often 
exist transiently, and their 
rotational spectrum must be 
acquired in a short time. 

‘The new instrument de- 
veloped by Dian et al, a 
chirped-pulse (CP-FTMW) 
spectrometer, is based on 
the same principles as the 
original Balle-Flygare instru- 
‘ment; however, it in-corpo- 
rates recent advances in elec- 
tronics (7). First, the burst 
of microwaves has been re- 
placed with an extremely 
fast, chirped pulse contain- 
ing an ultrarapid frequency 
scan. The breadth and dura- 
tion of this pulse are not cou- 
pled, because the pulse is 
produced by digital electron- 
ics that can generate phase- 
reproducible radiation. Typ- 
ically, an entire 10,000-MHz 
spectral segment can be scan- 
ned in roughly a microsec- 
‘ond. Second, to record the 
spectrum, radiation emanat- 
ing from the molecules must 
be sampled with sufficient 
temporal resolution to cap- 
ture all necessary details, 
which requires gigahertz frequency response 
in the electronics—a capability that has only 
recently become available. 

Depending on the experiment, the tech- 
nological breakthroughs increase (8) the 
speed of spectral acquisition by a factor of 
100 to 10,000, making possible the experi- 
ments described by Dian et al. The authors 
study cyclopropane carboxaldehyde, which 
exists in two stable shapes, or stereoisomers, 
called sym and anti. When such 2 molecule 
has low energy, both stereoisomers are typi- 
cally present and do not interconvert on the 
time scale of the experiment. The unique 
rotational spectrum (see the figure) of each 
stereoisomer can easily be obtained with a 
conventional spectrometer. 

However, a conventional microwave 
spectrometer would not suffice for the rest 
of the experiment, which involves energiz- 
ing a small fraction of the molecules with an 
infrared laser pulse. This excited (“hot”) 


population decays back to the vibrationless 
(“cold”) level on a time scale of milli- 
seconds (9). 

‘During this time interval, the CP-FTMW 
instrument can acquire, ina single snapshot, 
a complete rotational spectrum (preserving 
all the relationships between the spectral 
elements) of the molecule in its hot state, 
where the vibrationally excited molecules 
interconvert on a time scale comparable to 
their rotational period. This spectrum is fuun- 
damentally different from that of either the 
‘sym or anti form in the cold state. The result- 
ing spectrum captures elements from all the 
differently shaped molecules, resulting in a 
kind of average. This is analogous to taking 
a picture of a fast racehorse with a relatively 
slow camera (see the figure). By examining 
a number of shots of the racehorse and 
knowing the speed of the camera, one can 
deduce how fast the horse is running. 
‘Similarly, more complicated analysis (10, 
J) of the positions and intensities of the 
features in the microwave spectrum yields 
the interconversion rate between the syn and 
anti shapes. The corresponding half-1i 
varies, depending on the vibrationally ex- 
cited level, but can be as short as ~100 ps 
(10 s). The measured rate is 16 times 
slower than predicted by theory, indicating 
current theory's limitations for describing 
processes of this nature. 

‘The experimental approach used by Dian 
cet al. has the potential for measuring the rate 
of change of molecular geometries on very 
rapid time scales with unprecedented detail 
and precision. The work may substantially 
advance understanding of why the products 
of some chemical reactions depend strongly 
on the molecular shapes of the reactants. 
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GEOCHEMISTRY 


The Origin of Alkaline Lavas 


Yaoling Niu 


Ikaline lavas—mantle-derived mag- 
mas rich in alkali metals such as 
otassium and sodium—are com- 
monly found in the interiors of tectonic 
plates, both on continents and on istands in 
ocean basins. Melting of metasomatic mate- 
rials in the mantle lithosphere has long been 
conjectured to be the main source of these 
magmas (/, 2), but this has not been success 
fully simulated experimentally. On page 
916 of this issue, Pilet et al. (3) report exper- 
iments that explain the properties of alkaline 
‘magmas in a simple and elegant way. 
Oceanic crust forms at mid-ocean 
ridges, where tectonic plates move apart. As 
it moves further away from the ridge, the 
lithosphere thickens, reaching its full thick- 
‘ness after about 70 million years (see the 
figure, left panel), [thas long been widely 
accepted that the oceanic crust—after recy- 
cling into the deep mantle through subduc- 
tion—becomes the source of alkali-rich 
melts needed to explain the compositions of 
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ocean island basalts (4), but this explana- 
tion has been criticized and remains 
debated (5-7). One of the problems is that 
melting of the oceanic crust would lead to 
silica-rich rather than alkaline melts. 

Pilet et al. now show that melting not of 
recycled oceanic crust but of metasomatic 
veins in the lithosphere produces melts 
with elemental compositions matching 
those of extreme alkaline lavas (nephelin- 
ites). When these nephelinite melts interact 
with the host peridotites, they produce 
modified melts that form a compositional 
spectrum from less extreme alkaline lavas, 
(basanites) to the more common alkali 
basalts. The veins consist of amphiboles, a 
group of minerals that are stable in the lith- 
osphere but not in the seismic low-velocity 
zone (LVZ). Thus, the results provide con- 
vineing evidence for a lithospheric origin 
of alkaline magmas. 

The key question concerns the origin 
of metasomatic amphibole-rich veins. 
The volatile- and alkali-rich character of 
amphibole-rich veins requires that they 
crystallize in the lithosphere from smalli- 
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Alkali-metal-rich lavas on ocean islands are 
produced from veins that form in oceanic 
mantle lithosphere as it ages. 


mass-fraction (low-degree) melts that ulti- 
mately originated in the LVZ—a process 
called mantle metasomatism. As Pilet et al. 
explain, these low-degree melts can be pro- 
duced in regions deeper than and in the 
vicinity of ocean ridge mantle melting [Fig- 
ure $5 in (3)]. Such melts may in fact exist 
throughout the LVZ. (see the figure, left 
panel) (5, 8, 9), causing the observed low 
‘seismic velocity (8). Because of their buoy- 
ancy, such low-degree melts tend to con- 
centrate toward the top of the LVZ and are 
enriched in volatiles (such as water and car- 
bon dioxide) and in “incompatible” ele- 
ments (such as Ba, Rb, Th, U, Nb, and light 
rare earth elements) that prefer to enter the 
melt over solid minerals. 

However, metasomatic amphibole-rich 
veins in the lithosphere do not melt without 
thermal perturbation. Hot “plume” melts 
from the deep mantle may cause the veins to 
melt; mixing of the two melts in different 
proportions then results in the alkali-rich 
nature and compositional spectrum of ocean 
island lavas (see the figure, right panel). 

The lithosphere does not reach its full 
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From oceanic lithosphere formation to alkaline lavas. (Left) Oceanic litho- 
sphere grows with time by accreting LVZ material at the base (red arrows), tak 
‘ng ~70 milion years to reachits full thickness. The thick red curve isthe pres- 
ent-day lithosphere-LVZ interface, which is a natural solidus (the boundary 
between some melting and no metting). The thin white dashed curves indicate 
‘where this interface was in the past, illustrating the continuing lithosphere 
‘rovith with time as the plate ages. (Middle) Close-up of metasomatic veins in 


the surrounding peridotite. Going upward, the veins are garnet pyroxenite, 
hornblende pyroxenite and hornblendite. The veinlets at the top are dunite 
inherited from ridge melting. (Right) When the mature oceanic lithosphere is 
reheated due toa hot plume rising up from deeper in the mantle, the vein melt. 
The vein melts may be altered through addition of surrounding material and 
mixing with plume melt. The degree of mixing determines which type of alkaline 
‘magma is formed and erupted. 
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thickness until it is ~70 million years old; 
mantle metasomatism thus continues dur- 
ing this time. This is equivalent to a dis- 
tance of 700 km from the ridge if the plate 
spreads slowly at 10 mm per year and of 
4200 km from the ridge if the plate 
spreads fast at 60 mm per year (see the 
figure, left panel). Hence, the oceanic lith- 
osphere is a large geochemical reservoir 
enriched in alkalis, volatiles, and incom- 
patible elements, 

Alkaline lavas on ocean islands only 
sample very small amounts of amphibole- 
rich veins that may be ubiquitous through- 
out the oceanic lithosphere (see the figure, 
‘middle panel). Recycling of such metasom- 
atized lithosphere into the deep mantle over 
much of Earth’s history will cause mantle 
compositional heterogeneities on all scales. 
Involvement of such enriched hetero- 
geneities in mantle source regions can 
account for the enriched characters of ocean 
island basalts (5). 

Amphiboles are important minerals. A 
type of amphibole called pargasite may be 
the key mineral that determines the thick- 
ness of the mature oceanic lithosphere and 
the nature of the LVZ. Experimental studies 
suggested long ago that the lithosphere-to- 


IVZ transition may be a petrologic transi- 
tion from solid pargasite-bearing peridotite 
to peridotite containing a small melt frac- 
tion (~1%) (8, 9). This argument suggests 
that the mature oceanic lithosphere should 
be less than 95 km thick (8)—too thin for 
models in the 1970s (70) but consistent with, 
more recent geophysical observations and 
models (7/). 

Although melting of amphibole-rich 
veins can also explain nephelinite lavas on 
and (3), further effort is needed to explain 
alkaline magmas such as kimberlite, lam- 
proite, carbonatite, some nephelinite and 
their associations in continental settings 
with thick lithospheric roots (J2). Their ori- 
gin is apparently associated with meta- 
somatized continental lithosphere (12). 
Kimberlite melts may actually originate at 
great depths, perhaps in the transition zone 
between the upper and lower mantle (13), 
and may be the agent that metasomatizes 
the continental lithosphere (/4). Meta- 
somatic vein amphiboles are potassium- 
rich (3), and potassium-amphiboles can 
bbe stable up to 16 GPa in the subducting 
‘oceanic lithosphere (15) before they under- 
go dehydration melting in the transition 
zone. It is possible that such melts, in the 


presence of carbon dioxide, are of kimber- 
litic composition, thus offering new per- 
spectives on the origin of continental alka- 
line magma associations. 
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To Be or Not to Be 


Kiyoshi Ueda 


‘n molecules, valence electrons form 
molecular bonds, whereas the underlying 
core electrons play a supporting role. Ifa 

vacancy, or hole, is created in the core 

orbitals by an excitation process, a rearrange- 

‘ment process called Auger decay can occur: A 

valence electron drops to fill the core hole, 

and energy is released by emitting an Auger 
electron from another valence orbital. It has 

Jong remained unclear whether this short- 

lived core hole in a homonuclear diatomic 

molecule such as N, is localized on one 

‘atomic site, or delocalized over both. On page 

920 of this issue, SchéfMler et al. (7) show that 

this question cannot be answered without tak- 

ing into account how the unstable core hole 
state relaxes by Auger decay. They show that 
the photoelectron and the Auger electron that 
are emitted form an entangled state. Whether 
one finds the core hole to be localized or 
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Localized 


delocalized will depend on the experiment 
used to observe this entangled state. 

To answer the question about core hole 
localization and delocalization experimen- 
tally has required the development of 
sophisticated spectroscopic methods, but 
this question was first addressed theoreti 
cally decades ago. The direct core hole cal- 
culation of O, within the Hartree-Fock 
approximation supported a localized core 
hole picture. The energy of a symmetry-bro- 
ken ionic state of O,, in which a core hole is 
localized and thus the O atoms are inequiva- 
lent, is lower and agrees better with the 
experimental value than does the delocal- 
ized state (2). However, according to the 
Green's function approach, which includes 
more electron correlations, the energy dif 
ference between the localized and delocal- 
ized core holes calculated within the 
Hartree-Fock approximation is attributed to 
the neglect of electron correlations (3), and 
so at this level of theory, it is not possible to 
decide which description of the core holes 


‘The hole created by emission of a core 
electron in a diatomic molecule resides 
in an entangled state, 


better accommodates the experiments. 

Core hole localization and delocalization 
‘can be built into theoretical calculations, but 
is it likely that we could see the localization 
and delocalization experimentally? State- 
of-the-art ab initio calculations (4, 5) pre- 
dicted that the two delocalized core hole 
states of N,*, which have different symme- 
tries, are different in energy by ~0.1 eV. This 
‘energy gap, which is not seen for the sym- 
metry-broken localized holes, is referred to 
‘as gerade-ungerade splitting. When all elec- 
‘tron coordinates change sign, a gerade (even) 
‘wave function stays the same, but an unger- 
‘ade (odd) wave function changes sign. Also 
the equilibrium bond length would differ by 
~0.04 pm between gerade and ungerade core 
hole states (4, 5). 

If such energy gap and different bond 
Iengths can be observed. they could be con- 
sidered as experimental evidence for delo- 
calized core holes. Recent high-resolution 
photoelectron spectroscopy studies con- 
firmed the gerade-ungerade splitting (6) and 
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the difference inthe bond length 
(5) that are the hallmarks of 
the symmetry-adapted delo- 
calized core hole states. Also, 
a high-resolution Auger elec- 
tron spectrum, where the ger- 
ade and ungerade core hole 
states are partially resolved, 
was best described as an in- 
coherent sum of these two 
delocalized components (7). 

‘The symmetry-adapted de- 
localized description of the 
core hole leads to another 
interesting prediction: Photo- 
electron emission from the 
gerade or ungerade core or- 
bital can be described as a 
superposition of two phase- 
coherent waves emitted from 
the two nitrogen atoms (8) 
The resulting interference 
pattern (9) was indeed ob- 
served in the gerade-unger- 
ade resolved photoionizat- 
ion cross sections (10). This 
observation also supports the 
symmetry-adapted delocal- 
ized picture of the core hole 
in,” 

However, the localized or 
delocalized core hole can be 
probed more directly if we 
can establish the direction 
in which photoelectrons are 
emitted relative to the molecular frame, 
‘The molecular frame can be defined by dis- 
sociation; the fragments will be ejected 
along the molecular axis. The angular dis- 
tributions of photoelectrons ejected from 
the core orbitals in C,H, (//) and Ne, (12) 
were found to be asymmetric when the 
molecular frame was defined by the 
asymmetric fragmentation: H'/C,H" and 
Net/Ne**, respectively. Although C,H, is 
not a homonuclear dimer, the core hole 
states of C,H, exhibit a gerade-ungerade 
splitting of 0.1 eV (13). The gerade-unger- 
ade splitting for Ne, is too small to be 
observed. The photoelectron angular distri- 
‘bution observed for Ne, was well repro- 
duced by a theoretical calculation in which 
the photoelectron was assumed to be emit- 
ted from the Ne* site leaving the localized 
core hole there. Thus, the asymmetric pho- 
toelectron angular distributions observed 
for C,H, and Ne, seem to provide evidence 
fora localized core hole, contrary to the 
conclusion derived from the high-resolu- 
tion electron spectroscopy on N, (5-7, 10) 
and C,H, (/3). 


Wave function projector. Molecular nitrogen is fixed in space, and the core-level 
photoelectron angular distributions are measured in this molecular framewith circularly 
polarized light (anticlockwise). The observed photoelectron angular distributions of 
Schiller et at. varied dramatically depending on the direction of the detection for the 
Auger electron. Each distribution ingicates a different location of the care hole. (A) A 
hole in the right nitrogen, (B) a hole of gerade symmetry, (C) a hole in the left nitrogen, 
and (D) a hole of ungerade symmetry. The Auger electron detector works as a “wave 
function projector” to make a projection ofthe quantum-entangled state (consisting of 
the photoelectron and the Auger electron) anc to localize anc delocalize the core hole. 


‘As Schaller ef al. now show, the differ- 
ences arise in how the molecules are being 
studied. The authors have now measured 
the photoelectron angular distribution of 
\N, in the molecular frame, defining it by 
the N*/N* fragmentation, and furthermore 
simultaneously determining the direction 
of the Auger electron emission (see the fig- 
ure, main panel). The important trick is that 
their momentum resolution is so high for 
the N* ion fragments that they could 
extract, by the momentum conservation 
Jaw, the momentum for the last particle 
emitted (the Auger electron) without 
detecting it. Proper selection for the direc- 
tion of the Auger electron emission then 
allowed the photoelectron angular distribu- 
tion to be correlated with each of the theo- 
retical predictions for the delocalized ger- 
ade and ungerade core hole states (see the 
figure, panels B and D), as well as for the 
localized state on each site (see the figure, 
panels A and C). 

‘The key finding is that the photoelectron 
and the Auger electron form a quantum- 
entangled state. SchofMler et al. derived an 
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expression for the differen- 
tial cross section (the proba- 
bility of simultaneously de- 
tecting a photoelectron and 
an Auger electron) that is 
valid if the gerade-unger- 
ade splitting energy is at 
‘most comparable to the Tife- 
time broadening of the core 
hole states. The only term in 
the equation that can break 
symmetry and make the 
core hole localized is an 
interference term between 
‘two amplitudes related to the 
gerade and ungerade core 
hole states. 

Detection of only a pho- 
toelectron or only an Auger 
electron corresponds to the 
integration over all angles 
forthe other particle that was 
not detected. In that case, the 
interference term disappears, 
and observable quantities are 
‘an incoherent sum of the ger- 
ade and ungerade contribu- 
tions. High-resolution pho- 
toelectron and Auger elec- 
tron spectra (5-7, 10, 13), 
where gerade and ungerade 
‘components are partially re- 
solved, also consist of an in- 
coherent sum of gerade and 
ungerade contributions and 
thus are consistent with the expression by 
Schofiler et al. 

‘The physical picture Sch6ffler ef al. pre~ 
sent is at the heart of quantum mechanics. 
‘Whether we see a delocalized or localized 
core hole depends on how the quantum- 
entangled state consisting of the photoelec- 
tron and the Auger electron is projected to 
the detector. 
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BIOPHYSICS 


The Intrigue of the Interface 


Mark W. Denny 
he surface tension of water Prakash et al. build 
has profound effects on life ee “i on these basic concepts 
(2-3), Ttmakes possible the to explain a novel met- 

flow of water to the tops of tres, hod of feeding in shore- 

allows some insects to breathe Soli sactace birds. In water too deep 
undervaterandothers to walkonit, to stand the birdspins on 

and resist the inflation of hangs in wae the surface, creating a 

premature infants. Collaboration Patol ion Vortex that draws up 

among biologists, engineers, math- ‘water and food particles 
cematicians, and physicists has pro- (6). Asit spins, itdips its 
duced exciting advances in our <8 beak into the water, cap- 
understanding of surface tension's turing a drop of fluid and 


effects in both nature and technol- 
‘ogy. Inanew twiston this theme, on 
page 931 inthis issue, Prakash etal. 
(A) describe a “capillary ratchet” 
that explains how some shorebirds 
feed, highlighting a burgeoning 
research field that makes practical 
use of surface tension. 

Because water molecules are 
attracted more to each other than 
they are to air, water acts to mini- 
mize its surface energy by minimiz- 
ing its area of contact with the 
atmosphere (2, 3). When a liquid 
drop contacts a solid surface, addi- 
tional surface energies come into 
play (2, 5), defining an equilibrium 
‘contact angle 6 between liquid and 
solid (see the figure, panel A). In 
practice, a finite range of static con- 
tactangles (8, <8 <®,) arises duc to 
effects of microscopic irregularities 
‘on the solid surface, which explains 
how raindrops stick to window 
panes (panels B, C). As a drop 
attempts to slide earthward, its lead- 
ing edge may have a contact angle 
as high as @, before it advances, 
‘whereas its trailing edge may have 
an angle as low as 8, before it 
retreats. Because 6, < 6,, the 
‘upward pull of surface tension at the trailing 
edge wins and the drop sticks. The net force 
holding the drop in place is proportional tothe 
length of the contact line between drop and 
solid, whereas the weight ofthe drop is propor- 
tional to the drop’ volume. As a result, drops 
Jager than a maximum size (~2 mm) cannot 
stick and slide down in streaks. 
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Pall down 


Water contacts: (A) Contact angie 
@ is measured within the liquid, 
and (B) can change a5 a drop 
‘moves, becoming asymmetric. Tis 
contact-angle hysteresis exolains 
how raindrops stick to window 
panes (Q. (D) Micrometer-scale 
roughness traps air between liquid 
drop and solid (the Cassie-Baxter 
or fakir state), producing large 
contact angles. 


sarlace tension food between the halves 
of the beak (7). The bird 
then rapidly scissors its 
beak through a small 
angle. The beak is never 
fully closed, but the 
drop nonetheless moves 
upward to the mouth. Ibis 
here that surface tension 
comes into play. As the 
beak opens, the drop is 
stretched, and its contact 
lines with the beaks sur- 
face retreat. But the con- 
fact line nearest the 
bbeak's tip retreats more 
than the contact line 
nearest the mouth. As a 
result, the drop moves 
incrementally toward the 
‘mouth. The opposite hap- 
pens when the beak 
closes. The drop is sque- 
ezed, contact lines ad- 
vance—but asymmetri- 
cally—andthe drop again 
moves toward the mouth. 
The efficiency of this 
capillary ratchet depends 
on the angle through 
which the beak moves 
and the surface energy of the beaks material. 
‘When the system is well tuned. a drop can move 
to the mouth in as little as two to three oscilla- 
tions. Becanse the ratchet depends on the wet- 
ting properties of the beak, it could be stymied 
by detergents or oily pollutants on the 
water's surface. 
Otherresearch inthis fast-paced field reveals 
how contact angles can be adiusted and how 
these adjustments have practical consequences 
(5, 8). Inspired by observations that contact 


Diverse phenomena, ranging from the way 
shorebirds feed to self-cleaning by leaves, can 
be explained through surface tension effects. 


‘angles can approach 180° on the textured sur- 
faces of plants and water-walking insects (9), 
engineers have determined that micrometer 
scale roughness on hydrophobic surfaces can act 
toretain amicroscopic layer of airbetween water 
and solid (known as a Cassie-Baxter or fakir 
state (panel D). Water drops on these superhy: 
<drophobic surfaces move with minimal resist- 
ance. Innature, the effect allows insects to walk 
on water (/0), lotus leaves to clean themselves of 
dust (17), and desert beetles to capture fog 
droplets (J2). Engineering analogs of these 
natural superhydrophobic surfaces are being 
developed to reduce the drag of fluids flowing, 
through small pipes such as those in microfluidic 
devices (/3), to produce self-cleaning and dew- 
resistant windows (5), and to form surfaces 
that are slippery in one direction and sticky 
in another (8, 14). Butterflies have already met 
this last challenge: Scales on their wings have 
flexible manotips that allow water drops to flow 
easily away from the body but inhibit flow 
towardit (5). 

‘Note the interdependence of natural and 
physical sciences in these advances. If biolo- 
gists had not reported odd phenomena from 
nature, physicists, mathematicians, and engi- 
‘neers might not have recognized the surprising 
potential of surface microtexture. The insights 
that followed have enabled biologists to explain 
the natural phenomena they originally ob- 
served and have sharpened their eye for further 
“observation. Itisnot only the interface between 
‘water and air that is important here; itis also the 
productive collaboration at the interface 
between academic fields that matters 
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Transformation of the Nitrogen Cycle: 
Recent Trends, Questions, and 


Potential Solutions 


James N. Galloway, * Alan R. Townsend? Jan Willem Erismat 


? Mateete Bekunda,* 


Zucong Cai John R. Freney,° Luiz A. Martinelli,” Sybil P. Seitzinger,® Mark A. Sutton? 


Humans continue to transform the global nitrogen cycle at a record pace, reflecting an increased 
combustion of fossil fuels, growing demand for nitrogen in agriculture and industry, and pervasive 
inefficiencies in its use. Much anthropogenic nitrogen is lost to air, water, and land to cause a 
cascade of environmental and human health problems. Simultaneously, food production in some 
parts of the world is nitrogen-deficient, highlighting inequities in the distribution of nitrogen- 
containing fertilizers. Optimizing the need for a key human resource while minimizing its negative 


consequences requires an 
to decrease nitrogen-containing waste. 


ur understanding of reactive nitrogen 

JON) (2) and the N cycle has shifted from 

hhow to promote food production to a 
realization that agricultural intensification dam- 
ages environmental systems (2). Since 1970, 
world population has increased by 78% and re- 
active nitrogen creation has increased by 120%, 
In 1970, Delwiche stated, “The ingenuity that has 
been used to feed a growing world population 
will have to be matched quickly by an effort to 
keep the nitrogen cycle in reasonable balance” 
(), Thirty-five years later, Dobemmann and 
Cassman pointed out, “Failure to arest the de- 
crease in cereal crop area and to improve nitrogen 
use efficiency in the world’s most important ag- 
ricultural systems will likely cause severe dam- 
age to environmental services at local, regional, 
and global scales due to a lange increase in re- 
active N load in the environment (4).” 

It is clear that an optimum has not been 
achieved. In some parts of the world, Nrhas been 
used to create an excess of food and a growing 
prevalence of unhealthy diets, while also con 
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jegrated interdisciplinary approach and the development of strategies 


tributing to a host of environmental problems 
(2, $7). Yet, other world regions lack sufficient 
\Nrto meet even the most basic caloric demands 
‘of hundreds of millions of people (8) 

‘Major research and management challenges 
remain and are becoming ever more pressing as 
the creation and use of Nr continues to ac- 
celerate. Although diverse management strat- 
‘egies are necessary, they are also possible, and 
wwe believe a more favorable balance between 
the benefits and unwanted consequences of Nr 
‘can be achieved. 


Continued Acceleration of Nr Creation 

1Nr creation continues to increase every year. It 
js dominated by agricultural activites, but fossil 
fuel energy plays an important role, and the 
‘growing prevalence of biofuels is adding a new 
and rapidly changing dimension. From 1860 to 
1995, energy and food production increased 
steadily on both an absolute and per capita 
basis; Nr ereation also increased from~15 Tg N 
in 1860 to 156 Tg N in 1995. The change was 
enomous, and it increased further from 156 Tg 
N yr in 1995 to 187 Tg N yr* in 2005, in 
large part because cereal production increased 
from 1897 to 2270 million tons (20%), and 
meat production increased from 207 10 260 
‘million tons (26%) (9). These rising agricultural 
‘demands were sustained by a rise in Nr creation 
by the Haber-Bosch process from 100 Tg N 
yr" to 121 Tg N yr* (20%) (9). Cultivation- 
induced biological nitrogen fixation (C-BNF) 
‘occurs in several agricultural systems, with crop, 
ppasture, and fodder legumes being the most im- 
portant (10). The C-BNF estimate for 1995 was 
315 Tg N (5) and, because of the increase in 
soybean and meat production over the past 
decade, we estimate that in 2005 C-BNF was 
40 Tg N. There is substantial uncertainty in this 
value, and this is a critical area where more 


precise data are needed. In parallel, primary 


commercial energy production by coal, natural 
gas, and petroleum combustion increased from 
8543 million tons of oil equivalents (mtoe) to 
10,600 mtoe (24%), much of it in the devel- 
oping world (11). However, decreases in NOX 
emissions in the developed world, among other 
reasons, led to a relatively constant global creation 
rate of Nr-NOx of ~25 Tg N yr" from 1995 to 
2000 (#2), and we assume for the purpose of 
discussion that this value also holds for 2005. 

Finally, an important but poorly understood 
aspect of N mobilization is industrial Nr use. 
NH from the Haber-Bosch process is used as a 
raw material to create multiple products, includ- 
ing nylon, plastics, resins, glues, melamine, 
‘nimal/fsh’shrimp feed supplements, and explo- 
sives. In 2005, ~23 Tg N was used for chemical 
production (13), accounting for 20% of Haber 
Bosch Nr, but litle is known about the fate of 
Nr used in these industrial activities. 


‘Nr Distribution Patterns Are Changing 
In 2004, ~45 Tg N of the ~187 Tg N of Nr 
created was traded intemationally (Fig. 1), and 
in the preceding decade, global trade of N com- 
rmodities increased twice as fast as the rate of Nr 
creation. Unlike aquatic or atmospheric trans- 
port, where Nr is diluted to varying degrees, 
commerce typically results in injection of Nr to 
ecosystems in more concentrated doses, Al- 
though this has the potential to cause greater 
damage to a smaller region, it also allows the 
possibility of greater control over Nr release. 
However, the rise in intemational trade is posing 
new socioeconomic questions, such as who pays 
for environmental damage associated with Nr 
losses (14), Regions that consume N-containing 
products, such as meat and milk, may be far 
removed from regions that produce the commod. 
fty and thus do not have to bear the environ- 
‘mental cost of the production. For example, in 
1910, The Netherlands used 13 k tonne of fer- 
tilizer N yr" to produce food for its population of 
6 million. In 1999, forthe same agricultural area, 
400 k tonne N yr fertilizer N was used, and the 
yields were enough to feed 32 millon people, 
only half of whom lived in The Netherlands. The 
rest of the food, and the Nr it contained, was ex- 
ported, whereas the N lost in the food production 
process remained in the Dutch environment, eaus- 
ing increased groundwater pollution, ambient 
ammonia and particle emissions, and nitrogen 
<eposition (15), Similary, areas of Latin America 
are bearing the cos of land conversion for soy that, 
is fueling rising meat consumption in Asia (14). 
On a global basis, atmospheric transport and 
subsequent deposition has become the dominant 
Nr distribution process. It is estimated that in 
1860, 34 Tg N yr" of Nr was emitted as NOx 
and NH, and then deposited to the Earth's sur 
face as NOy and NHx; in 1995, it had increased 
to 100 Tg N yr; by 2050, itis projected to be 
200 Tg N yr * (5). N deposition to ecosystems in 
the absence of human influence is generally 
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Fig. 1. N contained in internationally traded (A) fertilizer (31 Tg ND, (B) grain (12 Tg N), and (C) meat 
(0.8 Tg ND. Data are for 2004 and are in units of thousand of tons. Minimum requirements for drawing a 
line are 50,000 tons N, 20,000 tons N, and 10,000 tons N for fertilizer, grain, and meat, respectively 42). 


'~0.5 kg N ha! yr" or less (16). There are now 
large regions of the world where average N 
deposition rates exceed 10 kg Nha‘ yr, greater 
than an order of magnitude increase compared 
‘with natural rates. By 2050, this may double, with 
some regions reaching 50 kg Nha * yr (5), and 
landscape-level inputs may be much larger, es 
pecially for forest ecosystems (/7). These rates 
are well in excess of the critical loads that have 
detrimental impacts on receiving ecosystems (18) 
Fig. 2) Critical loads for the open ocean have 
not been calculated, but Duce et al (19) conclude 
that the increasing amounts of atmospheric 
anthropogenic Nr entering the ocean could 
increase annual new marine biological produc- 
tion by ~3% and increase the emission off NO to 
‘the atmosphere by ~1.6 Tg N yr ‘ 

Given the growing importance of the atmo- 
sphere in Nr distribution, it is critical to get 


better understanding of emissions rates. There is 
a relatively good understanding of NOx emis- 
sions from fossil fuel combustion, but less so 
from biomass buming and soil emissions. The 
largest uncertainties are in the NH emissions 
rates, from all sources, om all scales (17). There 
‘ae also critical questions about the fite and im- 
pact of the N deposited to terrestrial, freshwater, 
‘and marine realms. 

Vexing Questions 

[Nr creation is still accelerating, a trend unlikely 
to change in the near future. The additional an- 
thropogenic Nr aflects climate, the chemisuy of 
the atmosphere, and the composition and fumc- 
‘ion of temestrial and aquatic ecosystems (2). 
‘Moreover, because a single molecule of reactive 
N can “cascade” through the environment, it can 
contribute to more than one of these environ- 


‘mental responses (20). Yet, we also know that 
Nr creation is essential to support a burgeoning 
human population (2/) and that hundreds of 
millions of people still suffer from a “fertilizer 
deficit” (8). Finally, we know that environmen- 
tal changes wrought by excess Nr can feed back 
to affect human health and welfare, both di- 
rectly, for example through increased production 
of atmospheric particulate matter, and indirectly 
through impacts on food production (6). Thus, 
the grandest overall challenge posed by a chang- 
ing N cycle is how to maximize the benefits of 
anthropogenic Nr while minimizing its unwanted 
consequences (see www.initrogen org) 

Although the role of Nr in multiple aspects 
of environmental change is undeniable, impor- 
tant research questions remain unresolved, We 
have identified five broad categories of ques- 
tions that are priorities for fun research. 

What is the ultimate fate of Nr? Although 
data on the creation of anthropogenic Nr are 
relatively well constrained, those om its fate are 
uncertain. For example, in the mid-1990s, the 
fate of only 35% of Nr inputs to the terrestrial 
‘biosphere was relatively well known: 18% was 
exported to and denitrified in coastal ecosystems, 
13% was deposited to the ocean via the marine 
atmosphere, and 4% was emitted as N;O (5). 
Thus, the majority (65%) either accumulated in 
soils, vegetation, and groundwater or was de- 
nitrifed to dinitrogen (N,), but the uncertainty of 
those estimates remains large at every scale, 

Even with these uncertainties, it is Hkely that 
denitrification is an important Nr sink. The first 
spatially explicit patter of denitrification from 
soils to the coastal ocean suggested that more 
than 80% of denitrification is occurring in soils 
and freshwater systems (groundwater, rivers, 
Jakes, and reservoirs). The bulk of the remainder 
(15%) appears to occur in continental shelf 
sediments, thus indicating that rivers, although 
important sources to coastal systems, are typi- 
cally small sources of Nrto the open ocean, even 
in heavily altered regions (22) 

There is a growing database on Nr riverine 
‘fuxes, and several models are available that re- 
late watershed characteristics to Nr fux (23, 24). 
Even with these advances, some of the largest 
uncertainties in measuring denitrification rates are 
{in upland terrestrial systems, which seem to ac- 
count for a considerable, but unknown, Nr “sink 
Nr inputs to these systems continue to rise, 
however, so the question is whether the fraction 
of N exported to the coasts will remain small or 
whether upland “sinks” will saturate to allow 
greater N-fueled coastal change. 

Rising levels of atmospheric deposition also 
tend urgency to multiple questions about the 
fate of Nr. Ultimately, the fate of Nr that enters 
terrestrial systems appears to be under strong 
climatic contro! (25), an interaction that helps 
explain regional differences in N export and that 
should be considered in forecasts of future N- 
eycie dynamics. The fate and impacts of Nr are 
also ofien dependent on its chemical form, 
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further highlighting the need to better resolve 
changing inputs of oxidized versus reduced 
fonms of Nr 

What are the net climate effects of increas- 
ing Nr? Nitogen is both influmced by and 
affects climate; the net contributions of anthropo- 
genic Nr to a changing climate remain widely 
debated (/7, 26). Nr can directly increase radia- 
tive forcing in the troposphere, principally through 
the production of NO and tropospheric Os, but 
atmospheric Nr can also have cooling effects (26), 
Jargely through tropospheric aerosols and strato- 
spheric O; declines. Moreover, Nr has strong in- 
teractions with the carbon (C) cycle that ean have 
global-scale effects on atmospheric carbon diox- 
fide (CO;) and methane (CH,) (27, 28). 

Elevated N deposition may stimulate plant 
growth in N-limited regions and cause substan 
tial CO, uptake in Northern Hemisphere forests, 
although the size is controversial (see SOM text). 
Nedriven C storage in nonforested o agriculnural 
systems appears modest at best, and N-fiteled 
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2. Estimated N deposition from global total N (NOy and NHx) emissions, totaling 205 Tg Ny“. The 


ics are also home to the bulk of the planet's 
‘emestria! and freshwater biodiversity. Given that 
elevated Nr inputs are known to drive bio- 
diversity losses in higher latitude ecosystems 
(32), the projected trends in tropical regions are 
‘cause for concem (33). 

“Most biological N fixation in terrestrial sys- 
tems occurs in topical regions: this, combined 
‘with the widespread existence of phosphorus- and 
ccation-deficient soils causes many tropical eco- 
systems to exist in a relatively N-rich state (34) 
‘Thus, at least in theory, the response of these 
systems to additional ‘N inputs could be very dif- 
ferent from those of temperate ecosystems and 
‘could resuit in rapid N losses to air and water, 
soil cation depletion, and reduced C uptake (34). 
‘Yet, data on such ecosystem responses and their 
translation into effects on community structure 
and biodiversity loss remain notably rare. 

How does Nr affect human health? The 
ability to fix N on large scales is unquestion- 
ably a boon to humanity. Perhaps 40% of the 
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unit scale is kg N ha~* y~", modified from the original units (mg m™* y) (26). 


increases in tropospheric O, can reduce C uptake 
{n all systems (29) It remains a major research 
challenge to quantify all relevant N interactions 
sufficiently to estimate the net effect of Nr on 
climate forcing (17, 26). 

How will tropical regions respond to rising 
N inputs? Much of our knowledge on N dy- 
‘namics is from the temperate world, yet tropical 
regions will receive the most dramatic increases 
in Nr inputs over the next few decades [see, e.2, 
(30), Some tropical regions already experience 
elevated N deposition, acidic deposition, and 
aquatic eutrophication (32), both from urban 
development and from a combination of agricul- 
tural extensification and intensification. The trop- 
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‘world’s dietary protein now comes from synthet- 
ic fertilizers, and estimates suggest that at least 
2 billion people would not be alive today without 
the modem manifestations of the Haber-Bosch 
‘Process (2/). Yet, in many developed nations, the 
products fom N-intensive agricultural practices 
lead to unhealthy diets, whereas elsewhere a lack 
of synthetic fertilizers, combined with depleted 
soil mutrient reserves, directly contributes to 
‘widespread malnutrition (6). 

‘Once Nr enters the environment, its eects on 
temestral, aquatic, and atmospheric realms can 
infiuence human health and welfare in several 
‘ways. For example, N-driven increases in tropo- 
spheric O pose direct health threats to humans 
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and cause substantial losses in agricultural ps 
ductivity (35). Nitric oxide and ammonia emis- 
sions fiuel fine-particle and tropospheric Os 
formation, which exacerbate pulmonary disease 
(©). The health consequences of drinking water 
with elevated nitrate levels, including cancer and 
reproductive risks, remain poorly known but are 
{important to resolve (36), Excess N in the en- 
vironment may also change the prevalence of 
{important infectious diseases, including malaria, 
West Nile vints, cholera, and schistosomiasis 
(37). Yet, in some regions with heavy infectious 
disease burdens, Nr is needed for adequate mu- 
tition to mount effective immune responses to 
infection. As countries industrialized during the 
past century, improved nutrition alone reduced 
the threat from infectious diseases (6). 

How will biofuel development alter the N 
cele? The rapid development of biofuels has 
crested an entirely new fink between human 
activities and the global N cycle, but the full suite 
of connections is not well resolved. Currently, 
much of the world’s biofitels are produced from 
com in the United States or sugar eane in Brazil 
US. com covers nearly 29 miltion ha and is 
ferilized by an average of 160 kg N ha? yr"; 
Brazilian cane covers ~7 million ha and receives 
an average of 100 kg N ha * yr‘. As with many 
intensive agricultural systems, N fertilizer use 
efficiency in Brazilian sugar cane is low: Only 
~30% ends up in plant tissues (38). Thus, most 
of the applied N reaches the environment, and 
because the sugar cane area is predicted to double 
in Brazil by 2016, the biofuel industry will con- 
tebute to a rapidly changing tropical N cycle 
(38). Consequently, N-intensive biofuels could 
cancel out any CO, savings by contributing to 
both NO and tropospheric Os production (39). 
‘Second-generation biofites will use more woody 
biomass from year-round crops and production 
forests and tend to have much higher conversion 
efficiencies. Although the full environmental 
consequences of these systems are also not well 
understood, their required N use should be 
smaller than that of current first-generation crops. 


A Strategy for Now 
‘There is compelling evidence that human altera- 
tion of the N cycle is negatively affecting human 
and ecosystem health. As demands for food and 
energy continue to increase, both the amount of 
Nrcreated and the magnitude of the consequences 
will also increase. Given the complexities of Nr 
us, its environmental mobility, and differences 
among regions, no single strategy will suffice (40). 
However, in keeping withthe Nanjing Declaration 
on Nitrogen Management (41), here we highlight 
the intervention points in the global N cycle 
where N flows are concentrated and should be 
easiest to target (Fig, 3), We also give rough 
estimates ofthe decreases in Nr use or loss tothe 
cavironment that are possible to achieve once the 
suggested strategies are implemented. 

Although we realize that the implementation 
will take time, the estimates are what might 
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Fig. 3. Conceptual model of where interventions in the N cycle can be used to decrease the amount 
of Nr created or the amount of Nr lost to the environment. The red boxes represent subsystems where 
Nr is created. The sky-background space represents the environment. Arrows leaving the red boxes 
either result in Nr lost to environment (fossil fuel and biofuel combustion) or inputs to the food 
production system (gray box). The light blue boxes within the gray box represent subsystems within 
the food production system where Nr used. Nrcan either enter these subsystems (thin red lines}, or 
be lost to the environment (thick red lines). The numbers represent intervention points for N 
‘management. The pie chart shows the magnitude of Nr managed by the four interventions relative to 


‘the total amount created (187 Tg N) in 2005. 


reasonably be expected to occur with current tech- 
nology (see SOM text), First, controlling NOx 
emissions from fossil-fuel combustion using 
‘maximum feasible reductions would result in 
a decrease of Nr creation from 25 Tg N yr * to 
7 TgN yr. Second, increasing nitrogen-uptake 
efficiency of crops would decrease Nr creation by 
about 15 Tg N yr". Thint, improved animai- 
‘management strategies would decrease Nr ere 
ation by about ~15 Tg N yr‘, Fourth, even if 
only half the 3.2 billion people living in cities had 
access to sewage treatment, 5TgN yr * could be 
converted to Nx 

‘Together, these interventions represent a po- 
tential decrease of ~83 Tg N yr created per 
year, or ~28% of the total Nr ereated in 2005. 
‘With this reduction, we would be able to largely 
oflket the increases in Nr losses required for fu- 
ture growth in food, feed, fuel, and fiber produc- 
tion and energy use. Other intervention points are 
clearly needed if Nr creation rates are to decrease 
in the funure. Although these estimates are neces- 
sarily rough, and implementing them would not 
‘be trivial, they indicate that a multipronged, in- 
tegrated approach can decrease the amount of Ne 
Jost tothe environment. 

“Multiple comprehensive analyses of manage- 
‘ment strategies for some or all of these points 
have been made in recent years. Common to 
nearly ll such analyses isa clear message that no 
single strategy will work. 


We conclude by stressing two points, Firs, 

although reducing Nr creation and its unwanted 

impacts will be challenging, it is both possible 

and of critical importance. Second, not all man- 

‘agement prirites are about reduction of Nt. Sub- 

‘stantial and sustained intervention is also needed 

in regions that do not have sufficient Nr or other 

‘nutrients to sustain the population (8). In such 

regions, it wil be important to seek ways to in- 

Joss and its subsequent environmental damages. 
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Increasing quantities of atmospheric anthropogenic fixed nitrogen entering the open ocean 
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tion, leading to a decrease in radiative 
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effects of increasing atmospheric nitrogen deposition are expected to continue to grow in 


tthe future. 
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Nz. Most organisms can only assimilate forms of 
reactive nitrogen (fixed nitrogen, N,), including 
‘oxidized and reduced inorganic and organic 
forms. The availablity of N, limits primary pro- 
duction, the conversion of inorganic carbon to 
organic carbon (2), in much of the ocean. Re- 
active nitrogen enters the ocean via rivers, Nz 
fixation, and atmospheric deposition. It is 
removed via Nz formation by denitrification and 
anaerobic ammonium oxidation (anammox), 
nitrous oxide (NO) and ammonia emissions, 
and burial of organic matter in sediments. Human 
activities have severely altered many coastal 
‘ecosystems by increasing the input of anthropo- 
genic nitrogen through rivers and groundwater, 
direct discharges from wastewater treatment, 
atmospheric deposition, and so forth, resulting 
in increasing eutrophication Human activities 
hhave also added large quantities of atmospheric 
N, to central ocean regions. 

Riverine input of N; to the oceans is estimated 
‘as 50 to 80 Tg N year * (2-4), However, much is 
either lost to the atmosphere after N2 conversion 
‘or buried in coastal sediments, never reaching 
‘oceanic regions (5). We assume that riverine N; 
has a negligible impact on the open ocean 
‘wogen inventory, and we do not consider it further. 
‘Estimates of global ocean No fixation range from 
(60 to 200 TeN year * (2, 6-8). Although impacts 
of the amplified nitrogen inputs to terrestrial 
systems are being continuously evaluated (3, 9), 
here we show that atmospheric transport and 
deposition is an increasingly important pathway: 
for N, entering the open ocean, ofien poorly 
‘represented in analyses of open ocean anthropo- 
‘genic impacts (10-16). Atmospheric N, input is 
rapidly approaching global oceanic estimates 
for Nz fixation and is predicted to increase 
further due to emissions from combustion of 
fossil fuels and production and use of fertilizers. 
Our objective is to highlight the growing im- 
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portance of anthropogenic atmospheric N, 
(AAN) deposition to the oceans and evaluate 
its impact on oceanic productivity and biogeo- 
chemistry. 


‘Atmospheric Emission and Deposition of 
Nitrogen Species 

Atmospheric emissions of N, are primarily oxi- 
ized nitrogen species, NO, (NO + NO;) and 
NHL, Recent studies suggest that atmospheric 
‘water soluble organic nitrogen is far more abun- 
ddamt than conventionally thought, constituting 
~30% of total N, deposition (13, 17-20). Given 
the uncertain orjgins and complex composition 
of this material, the importance of direct emis- 
sions and secondary formation of organi nitrogen 
is unclear. However, measurements suggest that 
‘an important fraction is anthropogenic (13, 17) 
We therefore assume that in 1860, the relation- 
ship between organic and inorganic nitrogen 
deposition was the same as itis today and in 
crease our 1860 estimate so that organic nitrogen 
represents 30% of total N, deposition. The 
uncertainties associated with this assumption 
emphasize the need for further research on 
atmospheric organic nitrogen. 

Estimated total N, and AAN emissions in 
1860, 2000, and 2030 (Table 1) show that anthro- 
pogenic emissions have significantly increased 
since the mid-1800s and future increases are 
expected (21), Over the next 20 to 25 years, the 
proportion of NH emissions will likely increase 
due to enhanced atmospheric emission controls 
predicted to be more effective for NO, than NH 
(Table 1) (22). An important fraction of atmo- 
spheric N, emissions is deposited on the ocean 
(Table 1). In 1860, this amounted to ~20 Tg N 
year", of which ~29% was anthropogenic, By 
2000, ‘the total N, deposition to the ocean had 
‘more than tripled to ~67 TgN year *, with ~80% 
being anthropogenic. This is greater than the 
39 Tg N year” reported by (14), in part because 
‘our estimate includes water soluble organic nito- 
gen. Estimates of anthropogenic emissions for 
2030 indicate a ~4-fold increase in total atmo- 
spheric N, deposition to the ocean and an ~11- 
fold increase in AN deposition compared with 
1860 (22). 

The spatial distribution of atmospheric dep- 
sition has also changed greatly (Fig. 1, A and 
B). Deposition to most of the ocean was <50 mg 
1860, with very few areas >200 mg 
Mast oceanic deposition was from 
natural sources; anthropogenic sources impacted 
only a few coastal regions. By 2000, deposition 
‘over large ocean areas exceeded 200 mg N m7 
year’, reaching >700 mg N m* year * in many 
areas. Intense deposition plumes extend far 
downwind of major population centers in Asia, 
India, North and South America, around Europe, 
and westof Africa (Fig. 1B). A direct comparison 
of deposition in 1860 and 2000 shows almost all 
‘ocean surface areas now being affected by AN 
deposition (Fig. 1, A and B), Predictions for 2030 
(Gg. SI) indicate similar patterns, but with 
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{increased deposition further into open ocean re- 
gions (2/, 22). The ratio of 2030-t0-2000 dep- 
sition nites (Fig. 1C) shows up to a factor of 2 
{increase in Southeast Asia, the Bay of Bengal, and 
‘the Arabian Sea; up to-a 50% increase off western 
Africa; and up to 30% across essentially all the 
‘mid-latitude North Atlantic and North Pacific. As 
Galloway et al. (9) conclude, controlling NO, 
emissions using maximum feasible reductions 
could substantially decrease furure emissions, so 


the increases we predict on deposition rates (Fig. 
1C) may represent upper limits. 
Impact on New Primary Production 

land the Biological Pump 

Present global open ocean primary production is 
estimated at ~50 Pg C year (23), equivalent to 
~8800 Tg N year, assuming Redfield stoichi- 
‘ometry (Table 2). Because ~78% of this prodiuc- 
tions driven by regeneration of N, within surface 


waters (24) (a in Fig. 2), it is more relevant to 
evaluate the impact of AAN deposition on 
‘oceanic productivity and biogeochemistry by 
comparing AAN with global new production, 
estimated at ~11 Pg C year" (24-26). New 
production ( in Fig. 2 and Table 2) is dominated 
by nitrate regenerated at depth from sinking 
‘organic matter and subsequently retumed to the 
cuphotic zone via physical transport (6' in Fig. 2) 
(27). Over sufficiently large space and time scales 


gnu 


wi 210 
Ban-20 


Fig. 1, (A) Total atmospheric reactive nitrogen (N,) deposition in 1860 in 
mg m™® year" [NH, and NO, are derived from (3), with the addition of 30% 
ofthe total nitrogen as organic nitrogen]. Total atmospheric N, deposition in 
1860 was ~20 Tg N year! AAN was ~5.7 Tg N year". (B) Total atmo- 
spheric reactive nitrogen (N,) deposition in 2000 in mgm” year* [derived 
from (21) with the addition of 30% ofthe total nitrogen as organic nitrogen]. 
Total atmospheric N, deposition in 2000 was ~67 Tg N year", AAN was 
54 Tg N year" (C) Ratio of the projected flux of N, to the acean in 2030 to 


that in 2000. (D) Nitrate concentrations (\M) in the surface (0 to 1 m) waters 
‘of the ocean (43). () Similar to (B), but with regions where surface nitrate 
>4 uM has been masked out. Total atmospheric N, deposition in 2000 to the 
nonmasked areas was ~51 Tg N year", AAN was ~41 Tg N year. (F) Ratio of 
‘otal N, deposition to dissolved inorganic nitrogen (DIN) supply into the upper 
1130 m as diagnosed from a model fitted to oceanic tracer observations (44). 
To reduce noise, computation of the ratio has been limited to areas with DIN 
‘supply exceeding 0.05 mol m~ year™. 
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(1 to ~1000 years), nitrate driven new production 
{s balanced by the biologically mediated export 
of particulate and dissolved organic matter from 
‘the surface layer (6” in Fig. 2). On a similar time 
scale, this component of new production is almost 
‘neutral in terms of carbon assimilation (28) be- 
cause degradation processes release N and CO 
{in toichiometric amounts equivalent the initial 
elemental composition of the organic mater. In 
the absence of denitrification and other fixed ni- 
‘trogen losses in the ocean interior, nitrate-hased 
new production can be considered a closed loop 
within which the biologically mediated carbon 
export (6") is balanced by a return flux of dis- 
‘solved inorganic carbon (b/), resulting in near-2er0 
net air-sea CO; exchange. 

Only extemal (to the ocean) sources of Ny that 
reach the surface mixed layer can affect the 
steady-state balance of the biologically mediated 
‘fu of CO, across the air-sea interface. The two 
‘mown open ocean sources of external N, are bio- 
logical Nz fixation (c in Fig. 2) and atmospheric 
deposition (d). Together these contribute a net 
jceanic input of N, that can support “completely 
‘new production” and hence influence giobal oce- 
‘anic N, and the net atmosphere-to-ocean exchange 
of CO;, assuming an adequate supply of other 
‘nutrients (P, Fe). Although Nz fixation must have 
dominated the flux of extemal new nitrogen in the 
preindustrial world, atmospheric N, deposition is 
‘now approaching Nz fixation as a result of the 


dramatic increase in the anthropogenic com- 
ponent (Table 2) 

Can this atmospheric N, deposition be rapidly 
assimilated into primary production? It will 
impact the biogeochemistry of oceanic areas that 
are either perennially or seasonally depleted in 
surface nitrate, but will have litle effect in high- 
‘mutrient, low-chlorophyil (HNL) regions where 
the concentration of surface nitrate is always 
high Comparing surface nitrate concentrations 
(Fig. 1D) and total N, deposition (Fig. 1B) shows 
the relatively small overlap between high N, dep- 
‘sition and significant surface nitrate concentra- 
tions. Insegions where surface nitrate i seasonally 
depleted (Le, where productivity is nitrogen lim- 
ited), atmospheric deposition would Hkely be 
assimilated during the year. Although N, gener- 
ally is seasonally exhausted in regions where 
‘mean annual nitrate is <7 uM, a more consery- 
ative value of <4 uM is used to calculate the 
<stribution of the atmospheric N, deposition in 
present-day nitrogen-depleted waters (Fig. 1E), 
‘The calculated global N, deposition to regions 
‘with mean nitrate <4 uM is ~51 Tz N year ', or 
~76% of the total atmospheric N, deposied in 
the ocean, compared to ~56 Tg N year * (~84% 
of total deposition) if <7 iM is used as a thresh- 
‘old. Corresponding values for AAN are ~41 and 
~45 Tg N year’, Using the areas delineated by 
the <4 4M and <7 uM nitrate concentrations 
above, we calculate that ~67 to 75% of oceanic 


Denitrification and anammo 


Fig. 2. Schematic of the processes supplying nutrients for surface primary production. See text for 


detailed description. 
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surfce waters are potentially seasonally nitrogen 
{imited, although some of these areas may not be 
exclusively nitrogen limited but rather colimited 
(D, Ithas recently been assumed that only 40% 
of the ocean is nitrogen limited (14), although 
this estimate did not allow for N/P colimitation 
such as seen in the North Atlantic and other areas 
designated P-limited in (14), These are likely 
underestimates because much of the N, is de- 
posited upstream of N-depleted regions (eg. 
HINLC Southem Ocean) and will eventually be 
advected into thermocline waters of nitrogen- 
Lnmited regions of the Southem Hemisphere and 
North Aiantic and thus are important to future 
(decades to centuries) productivity and biogeo- 
chemistry (29). 

The total atmospheric deposition plus Nz- 
fixation flux to the ocean is ~167 Tg N year 
(Table2). Assuming complete assimilation, these 
extemal N, sources can support a maximum 
biologically mediated ux of ~1.0 Pg C year”, 
‘of which ~0.4 Pg C year? is from atmospheric 
deposition. Deposition of AAN alone could 
support up to ~0.3 Pg C year ', or ~3% of all 
new production, including that from nutrients 
upwelled from deep waters, and ~32% of the 
productivity derived from extemal N, supply 
(Table 2) In 1860, AN supported a bilogically 
‘mediated carbon fiux of only ~0.03 Pg C year, 
so fron 1860 to the present the potential impact 
of AN on net primary productivity has in- 
creased 10-fold. An exter lower esimate (0.16 Pe 
C year) of new (export) production generated 
by AAN deposition (14) assumed a different 
nitrogen-limited area, lower atmospheric fhuxes, 
and the assumption that N enhancement will 
result in the replacement of diazotrophs by other 
phytoplankton. 

Increased new production due to AAN fer- 
tization coincides with the anthropogenic: per- 
‘uration ofthe global carbon cycle and penetration 
of anthropogenic carbon in the ocean. The cur 
rent anthropogenic CO, uptake by the ocean is 
~22.£0.5 Pg C year * (30), primarily attributed 
to physical-chemical processes (the “solubility 
pump”). Assuming that new production draws 
down atmospheric CO, according to Redfeldian 
stoichiometry, up to ~10% of the present an- 
thropogenic carbon uptake could be attributed to 
anthropogenic nitrogen fertilization This poten- 
tially significant enhancement of the oceanie up- 
take of anthropogenic carbon indicates the need 
to incorporate this factor in furure Earth system 
assessments and models, as has already been 
done for terrestrial ecosystems (31). This est- 
rate may be lower ifthe dissolved organic car- 
bbon or particulate organic carbon produced is 
regenerated at shallow depths (32). The effi 
ciency and longevity of this anthropogenic ni- 
trogen fertilization effect depend on temporal 
‘uncoupling ofthe new N, inputs (Nz fixation and. 
atmospheric deposition) from N, removal (¢., 
denitrificaton/anammox. and buria!). Assuming 
that all other essential nutrients are in adequate 
supply, it will be operational as long as the 
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increase in new N, (and associated additional 
CO, uptake) is not balanced by increased 
regeneration of Nz and CO and release at the 
‘ocean-air interface. Eventually, if AAN deposi- 
tion levels of, the ocean may reach anew steady 
state with respect to nitrogen gains and losses that 
{is neutral with respect to CO> uptake over time 
scales similar to the oceanic N residence time 
(1000 years). 

‘The future impact of AAN on productivity 
‘must be evaluated in the context of predicted 
changes in productivity caused by other varia 
bles. For instance, elevated concentrations of 
atmospheric CO, may have resulted in excess 
carbon consumption and export because of 
shifting C:N stoichiometry (33), and itis unclear 
‘whether projected AAN and high CO; concen- 
trations have synergy or compensate. El Nifio~ 
Southem Oscillation (ENSO)-induced higher 


water temperatures and the associated increased 
stratification in low-latitude oceans may have 
reduced productivity by 60% in some regions 
(G4), Thus, in a warmer climate, decreases in 
productivity due to restricted injection of mutrient- 
Fich deep water would only accentuate the 
importance of AAN contributions to new pro- 
duction in low- latitude oligotrophic oceanic areas 
where AN already has a strong effect. Assum- 
ing that all N, deposition is assimilated into 
Primary production, this N-driven new pro- 
‘duction could contribute as much as 20% of the 
total new (or export) production in such regions 
‘where upwelling is limited, e.g, the North At- 
lamtic gyre (Fig. IF). The contribution of N, 
deposition to new production is higher in the 
Atlantic than the Pacific and can reach magni- 
‘tudes comparable to export production along 
‘some continental areas. 


‘Table 1. Atmospheric nitrogen emissions and deposition to the ocean. Assumed uncertainties—emissions: 
1860: 150%; 2000: NO, +30%, NH; 50%; 2030: see text and (20). Deposition: 1860: +50%; 2000: 
NO, NH, 40%, organic N 50%; 2030: see text and (20). 


1860" 2000" 2030" 
(Tg N year) (Tg N year) (1g N year) 
Emission to the atmosphere 

Total NO, 3B 0-20) 52 (36-68) sat 
Anthropogenic NO, 26 (13-4) 38 27-49) B 
Total NHs 21 1-32) 64 (32-96) 78° 
Anthropogenic NH 74G7AD 53 (27-80) 70 
Total atmospheric N emissions 3448-52) 116 (68-164) 132 
Total anthropogenic N, (AAN) 10 6-15) 91 (54-129) 13 

Deposition to the ocean 

Total NO, 626193) 23 (14-32) 25 
Anthropogenic NO, 1206-18) 17 (10-24) 1B 
Total NH, 8 (4-12) 2404-34) 29 
Anthropogenic NH, 241236) 2103-29) 25 
Total organic N, 6160-9.) 20 (10-30) 2B 
Anthropogenic organic N, 21003.) 16 (8-24) yw 
Total N, deposition 20 (0-30) 67 38-96) 7 
Total anthropogenic N, (AN) 5.7 (28-85) 54.177) a 


om @). Derived from 2D); see text and 26) 
respectively {om (3. 


"PHO, and NH, Based on ~80%% and 90% anthropogenic, 


Table 2. Atmospheric nitrogen deposition to the ocean in 2000 and its impact on productivity. Globat- 
scale estimates of total primary production (23), new production (24-26); No fexation (2, 6-8). Most 


letters in italics refer to flux pathways in Fig. 2. 


F Resultant global 
Global ocean nitrogen : 
(Tg N year™*> baie 
Pa C year”) 
Total primary production (ov brc+d) 8800 (7000-10,500) _~50 (40-60) 
New production (NP) (b) ~1900 (1400-2600) -11 (8-45) 
‘Marine Np fixation (c) 100 (60-200) 0.57 (03-1. 
Total net N, deposition (d) (NO,+NH,+0rg. N,) ~67 (38-96) ~0.38 (0.22-0.55) 
‘Total external nitrogen supply (c+d) ~167 (98-296) ~0.95 (0.56-1.7) 
Anthropogenic N, deposition (AAN) (e) ~54 (31-77) ~0.31 (0.18-0.44) 


Marine Ne fixation as % NP Ny, ob 


~53% (23-14.3%) 


Total N, deposition as % NP N, db ~35% (15-69%) 
AN a5 % NP Ny seb 2.8% (12-5.5%) 
Total N, deposition as % external N supply = dct) ~40% (13-98%) 
AN as % external N supply herd) 32% (10-79%) 


On the basis of future scenarios for anthro- 
pogenic emissions, AAN contribution to primary 
production could approach current estimates of 
global Nz fixation by 2030. Fertilization of the 
surface layer by atmospheric deposition, primar- 
ily AAN, could even lead to a decrease in Nz 
fixation due to biological competition (14). 
However, atmospheric N, deposition has a very 
small effect on the surface seawater ambient N, 
concentrations, too litle to inhibit nitrogenase 
activity directly [eg, we estimate that an ex- 
tremely rare and large atmospheric deposition 
event distributed over a 25-m mixed-layer depth 
could increase the N, concentration by only 
~45 nM (35), which is too small to suppress Nz 
fixation (36)]. Atmospheric N, deposition more 
1ikely represents a long-term low-level fertliza- 
tion of the ocean that has consequences for the 
natural biogeochemical cycles of nitrogen and 
carbon and their ongoing anthropogenic pertur 
bations. Biological evidence suggests that phy 
toplankton communities in oceanic gyres are 
presently nitrogen limited (1). Aunospheric N, 
deposition, in the absence of significant atmo- 
spheric deposition of phosphorus, may exacer 
bate phosphorus limitation of Nz fixation. The 
long-term effect of AAN deposition on No fix- 
ation depends on whether P or Fe limits Nz fix- 
ation and on the supply ratio of bioavailable 
N-PFe derived ffom atmospheric deposition (37) 
‘Atmospheric deposition of phosphorus is much 
Jess perturbed by human activity than N, (13, 37) 
Hence, the overall impact of atmospheric depo- 
sition is likely to be a shift in the N/P balance of 
surface waters. Some marine diazotrophs can 
exploit dissolved organic phosphorus pools and 
may obiain an adequate P supply by degrading 
compounds such as phosphonates (38) 

Changes in species composition and pro- 
ductivity can lead to changes in the export of 
nitrogen and carbon to deep ocean water, result- 
ing in a shift of deep ocean N/P ratios away from 
Redfield stoichiometry, which could then influ- 
ence the chemistry of upwelled waters remote 
from the loci of atmospheric depositions. Remin- 
ceralization of this extra organic carbon flux in 
deep waters may reduce the deepwater O> con- 
centration, and the resultant microbial Nz pro- 
duction will act to restore the N/P ratio toward the 
Redfield value, as suggested to have happened in 
the past (39). (See Supporting Online Material, 
including fig. S2). 


Another important issue is whether increasing 
atmospheric N, inputs to the ocean can alter 
‘marine emissions of nitrous oxide (NO), a major 
greenhouse gas. Estimates of global sea-to-air 
N,O fluxes vary considerably. Two recent esti- 
‘mates are the Intergovernmental Pane! on Climate 
‘Change (IPCC) assessment (30) (3.8 Tg N year™* 
as NO) and the calculation by Bange of the 
mean from data in (40) (6.2 Tg N year '). Using 
the mean (5.0 Tg N year *) and the range of these 
‘two estimates, and assuming that the nitrogen in 
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this “recent” NO fhoc originally entered the 
cceans fom N> fixation (100 Tg N year") and 
atmospheric deposition (67 Tg N year), then 
the emission of 5.0 Tg N year * as N.O results 
from nitrification and denitrification of part of this 
167 Tg N year * entering the surface ocean. This 
assumes that NzO production in the near-surface 
ccean is at steady state and there are no significant 
time lags between atmospheric input and NzO 
fommation. Normalizing the NO fux to the 
atmosphere by the “completely new” nitrogen 
{input (5.0:167) can then be used to estimate that 
AAN deposition has resulted in the production 
of up to ~16 TzN,O-N year, or about a third 
of total oceanic N,O emissions. This approach 
suggests that in 1860, only ~0.2 Tg N year * 
(5%) of the sea-to-air flux of NzO was driven 
‘by atmospheric anthropogenic inputs, assum: 
ing simplistically that N,O production is linear'y 
related to N supply. [We use linear scaling due to 
the lack of experimental and modeling studies 
that address the spatial and nonlinear response of 
NO emissions to N deposition, although impor- 
‘ant regional variations are likely (41).] This sug- 
gests that from 1860 to the present, the increase 
in AN has led to nearly an order of magnitude 
increase in anthropogenic N;O emission from the 
oceans. Calculations and estimates of increases 
for 2030 are in table SI 

While oceanic AAN deposition may result in 
increased N,O emissions, increasing radiative 
forcing, AAN also increases primary production 
(up to ~0.3 Pg C year” detailed above) and 
export production to the deep ocean, removing 
CO; from the atmosphere and therefore decreas- 
ing radiative foreing. With a Global Warming 
Potential of 298 for N;O (42), the net balance 
suggests that about two-thinds of the decrease in 
radiative forcing from CO, uptake could be offset 
bby the increase due to N,O emissions. The uncer- 
tainty in our estimates is considerable; however, 
the estimates suggest the potential importance of 
AAN to NO emissions and therefore the need 
for future research in regions such as oceanic 
Oxygen Minimum Zones (OMZs), which, al- 
though small in area, are potentially important for 
NO emissions. The future role of OMZs will be 
influenced not only by AAN but also by climate 
and other global changes. 


Conclusions 
‘This analysis emphasizes the potential impor. 
tance of the growing quantity of atmospheric 
reactive (fixed) nitrogen that enters the open 
‘ocean as a result of human activities and its im- 
pact on the present marine nitrogen cycle. 
Considering the increasing demand for energy 
and fertilizers, the emissions of AAN are ex- 
pected to grow over the coming decades. Atmo- 
spheric deposition of anthropogenic nitrogen to 
the ocean may account for up to ~3% of the 
annual new oceanic primary productivity, but 
about a third of the primary productivity generated 
as a result of the extemal input of nitrogen to the 
ocean. The input of AN is approaching that of 
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Nz fixation as a source of marine reactive 
nitrogen. Although local AAN deposition seems 
unlikely to alter significantly local phytoplankton 
species composition, the phytoplankton commu- 
nity could be affected by the stow long-term 
fertilization of surface waters by AAN. Moreover, 
AAN inputs to the ocean have potentially impor- 
‘tant climatic implications. Up to about a tenth of 
the anthropogenic atmospheric carbon uptake by 
the ocean (as CO,) may result from this fertilization. 
In addition, AN inputs may stimulate NO emis- 
‘sions, with possibly about two-thinds of the de- 
‘crease in radiative forcing from increased CO2 
uptake by the ocean being offset by the increase in 
radiative forcing from increased N,O emissions. 
‘There is clearly much we do not know about 
the extent and time scale of the impacts of AN 
‘deposition on the oceans and the feedbacks to the 
climate system, The issues are complex and i 
teractive, and they must be considered in climate 
‘scenarios. Areas of particular importance include 
understanding more fully the sources, chemical 
speciation, reactivity, and availablity of atmo- 
spheric organic nitrogen; developing more real 
istic models of N, deposition to the ocean, coupled 
‘with measuring N, deposition over extended peri- 
‘ods of time in open ocean regions; understanding 
the relationships beween, and impacts of, the 
atmospheric deposition of bioavailable N, P, and 
Fe; and understanding the mechanisms and time 
scales invoived in the oceanic response to N, 
deposition, coupled with a new generation of 
‘Earth system models that take into account long- 
term low-level nitrogen fertlization of the ocean 
‘and evaluate the effect on N-O emissions and the 
duration of the enhanced (anthropogenic) CO, 
uptake. 
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The Energetic Cost of Climbing 


in Primates 
Jandy B. Hanna,**+ Daniel Schmitt,” Timothy 


tuition tells us that the metabolic costs of 
climbing should be higher than the costs of 
walking or rumning because of the additional 
‘work required to lift the center of mass. There 
are, however, few data available on the absolute 
and relative metabolic costs of vertical climbing, 


M. Griffin? 


lass chamber. We then compared the metabolic 
energy required to transport | kg of body mass 
1m (COT;o¢) while climbing or walking at the 
same speed (4). 

COTror for climbing was not significantly 
different across the range of body sizes tested in 


fe = 10 
e100 Micra} | 
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Bin : 
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Ba 

‘ering etfciency = 508g 

a 

o [ry cm ‘NP ‘Sb Em Hs" on 1 70 

OATKg O26kg O.47kg O7Bkg 1.40kg 622K Body Mass (ka) 


1. (A) COTror (kg? m~) during climbing and speed-matched walking [see (4) for description of procedurest: lt 


reported for running (6). The lack of variation in 
COT ror across size for climbing suggests that 
the underiying mechanism relating body size to 
(COT ror is different for climbing compared with 
walking. Ifthe cost of performing work to lift the 
center of mass is the primary determinant of the 
‘metabolic cost of climbing, then the climbing 
efficiency —the net vertical mechanical work rate 
divided by the net metabolic rate—should be 
constant across size. Our data show that climbing 
efficiency is nearly constant across size (Fig, 1B), 
suggesting that the metabolic cost of climbing by 
‘humans and nonituman primates can be primarily 
explained by the cost of performing muscular 
work against gravity 

‘These data suggest a possible 
explanation for how early pri 
‘mates invaded a fine-branch niche 
(7) without engendering new 
costs associated with climbing 
If, as is generally argued fal- 
though see (8) for a contrary 
view], the cares primates weighed 
tess than 0.5 kg, then the uniform 


** eoms)  costsofcimbing and walking dem- 
consid hee may have allowed 
700 the earliest primates to exploit a 
complex arboreal environment with- 

cout increased metabolic costs. 


indicates Loris tardigradus; Cm, Cheirogaleus medias; Np, Nycticebus pygmaeus, Sb, Saimiri botiviensis; Em, Eulemur 
‘mongoe; and Hs, Homo sapiens. Species are arranged from smallest body mass to largest body mass (left to right). Bars 
indicate one standard deviation. *Human costs of climbing on a vertical climbing ergometer are calculated from the 
equation in (3), whereas human walking costs are calculated as described in (4). (B) Efficiency to move the center of mass 
versus body mass for climbing and walking. Climbing efficiency is nearly constant across body mass, indicating that the 
‘metabolic rate during climbing is proportional to the minimum rate of performing mechanical work to lift the center of 
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"Human metabolic data used to calculate climbing efficiency, induded in the regression, are from (3). 


‘Climbing and walking efficiency calculations are described in (4). 


partly because of the technical difficulties of cot- 
Jecting data on climbing and the lack of a simple 
animal mode! for such a study. Additionally, itis 
difficult to extrapolate the vertical cast of climb- 
ing from previous studies because most were 
performed on inclines, not up vertical supports 
(1,2) To date, no study has measured the meta- 
bolic cost of climbing up a vertical support across 
a range of body sizes in mammals. Primates are 
ideally suited for examining the scaling of the 
‘metabolic costs of climbing versus walking be- 
cause primates are adept climbers and span a 
large range of body sizes. Furthermore, itis often 
argued that critical evolutionary transitions in pri 
‘mate and human evolution—inciuding the origin 
of primates and bipedalism—are associated with 
adaptations for climbing in a complex arboreal 
environment. 

‘We measured the rate of oxygen consumption 
during vertical climbing and level walking for 
five species of primates across an eightfold range 
{n body mass (0,167 to 1.40 kg). To obtain steady- 
sate oxygen consumption, animals climbed at their 
‘maximum sustainable speed during a 15-to 30-min 
period on a rope treadmill enclosed in a plex 


this study [119.8 +21.4 kg” mi? (mean +SD), 

0.368, analysis of variance] (Fig. 1A), indi- 
‘cating that these different-sized primates used the 
‘same amount of energy to lift 1 kg of body mass 
1 m while climbing. Additionally, the slope of, 
the logarithmic regression reiting OOTzor to body 
‘mass (A) i not significantly diferent fom 2em a 
indicated by the 95% confidence level (COT zyx 
107.4M, * 10 °°, = 0.858, P = 0.063). 


Data on human climbing on a vertical climbing 
ergometer, not inciuded inthe regression calculation, 
fall within the confidence limits of the regression 
data, further supporting our findings ofa consistent 
(COTror for climbing across body mass in pri- 
mates (3) Fig. 1A). COTzo7 for walking by the 
five nonhuman primate species in this study, 


(919+78.2 Jkg m ', P= 0.030) and showed 


‘P=0073)(Fig. 1A) (2) A size dependent decrease 
in COT ror for leve! walking is well documented 
(©) and is associated with increased leg lengths 
that reduce the rate at which muscles are activated 
to generate force to support body mass as initially 
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Quasi-Particle Properties from 
Tunneling in the v = 5/9 Fractional 
Quantum Hall State 


Juliana P. Radu,” J. B. Miller,? C. M. Marcus,?* M. A. Kastner,” L. N. Pfeiffer,” K. W. West? 


Quasi-particles with fractional charge and statistics, as well as modified Coulomb interactions, exist 
in a two-dimensional electron system in the fractional quantum Hall (FQH) regime. Theoretical 


models of the FQH state at filling fraction 


°/, make the further prediction that the wave 


function can encode the interchange of two quasi-particles, making this state relevant for 
‘topological quantum computing. We show that bias-dependent tunneling across 2 narrow 
constriction at v= "/2 exhibits temperature scaling and, from fits to the theoretical scaling form, 
extract values for the effective charge and the interaction parameter of the quasi-particles. Ranges 
of values obtained are consistent with those predicted by certain models of the */, state. 


(D) results from the formation of novel 

electronic states of a two-dimensional 
electron system (2DES) at high magnetic field 
and low temperature, in which electron-clectron 
interactions lead to gaps in the bulk excitation 
spectra. Because of these gaps, current can only 
flow via extended states or conduction channels 
that propagate around the edges of the 2DES 
(2), Ata constriction in the 2DES such as that 
formed by a quantum point contact (QPC), counter. 
Propagating edge states come close cnough 
together that can tunnel between them. According 
to theory (3), weak quasi-particle tumeling de- 
pends strongly on the voltage difference between 
the edges (or, because of the Hall effect, the current 
through the QPC) and should scale with temper- 
ature in a way that provides a measurement of the 
effective charge, e*, of the quasi-particles and the 
strength of the Coulomb interaction, g. Because 
both e* and g are specific to the particular FQH 
state, such measurements provide a discriminating 
probe of FQH wave functions. 

‘The FQH state at v = ‘/, (4) is of particular 
interest because the leading candidates for the 
wave function for this state have elementary 
excitations that exhibit nonabelian particle 
statistics (5-9), Whereas the interchange of 
abelian particles such as electrons multiplies the 
wave function by an overall phase, the inter- 
change of nonabelian quasi-particles can lead to 
a different wave function altogether. Identifying a 
physical system with nonabelian statistics would 
be of fundamental interest but has also been 
proposed as a basis for a topological quantum 
information processing scheme (10) that is 


T: fractional quantum Hall (FQH) effect 
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resistant to environmental decoherence (11, 12). 
‘The resistance to decoherence arises from the fact 
that the information is encoded in a many-body 
state rather than a single-electron state. Although 
‘wave fictions with nonabelian excitations are 
the prime candidates (13) to describe the state at 
/, atematives with abelian properties have 
also been proposed (14-16). All candidate wave 
functions for v= "J have quasi-particle effec 
tive charge e* = "/s, but they differ in the 
predicted values of g (8, 9, 17-19) 

‘Weak tunneling theory, developed originally 
for Laughlin FQH states (3), has also been 
extended to nonabelian states (J7-2/), Tunne:- 
ing measurements on a single constriction can 
distinguish among candidate wave functions for 
v = ‘5; existing proposalsto find direct evidence 
for nonabetian statistics, however, require mul- 


tiple constrictions to create interference among 
tunneling paths (1, 22-26). 

Experimentally, the quasi-particle charge, e*, 
has been investigated for FQH states at v<1 with 
use of shot noise (27, 28) and interferometry (29), 
yielding results generally consistent with theory. 
‘A recent measurement of quasi-particle charge 
for the v= ‘/2 state, also using shot noise, ob- 
tained values consistent with e* = 1/4 (30), 
‘Previous experiments of quasi-particle tunneling 
at aconstrction have focused on cases of unequal 
fractions in the bulk and the constriction 
(BI-34), These experiments identified zero-bias 
festures associated with quast panicle tunneling 
at FQH edges and are compared to our present 
‘measurements. The interaction parameter, g, has 
been measured in studies of tunneling of v = 1/5 
FQH edges ata depleted constriction (35) through 
which electrons, rather than quasi-particles, 
tunnel. 

We present experimental measurements of 
quasi panicle tunneling at a QPC at v= ‘/, in 
the regime where the filing faction (and the 
carrier density) in the QPC and the bulk 2DES 
are the same. We found that tunneling conduct- 
ance across the QPC exhibits a strong zero-bias 
peak that scales with temperature, in quantita- 
tive agreement with the theory for weak tun- 
neling (3, 18, 19), From these measurements, we 
extract e* and g. We observe that among the 
candidate states for v= ‘/2, the anti-Pfaifian 
(8, 9) and the U1) * SUs2) (7), both predicted 
to have nonabelian excitations, are mast con- 
sistent with the data 

Sample and experimental setup. The 
sample was a GaAs/AIGaAs heterosinicture with 
the 2DES 200 nm below the surfice and two Si6- 
doping layers 100 nm above and below the 2DES. 
Hall bars with a width of 150 ym were pattemed 


0.04} — Re not anneaied 
—Roannealed 


Ry 


0.50) 


0.45} 


0 BT) 02 


of 
0.30) 


0.25} 


Fig. 1. Magnetic field 
dependence of the diago- 
nal (Ro) and Hall Ry) 
resistance for device 2 at 


are at the same filing 
fraction. (Top inset) Low- 
field data from the same 
device (device 2), empha- 
sizing thatthe carrer den 
sity in the annealed QPC is 
nearly the same as that of 
the bulk (red and black 
‘races vith almost matching 
slopes), whereas in the 
rnonannealed QPC (green 
trace) the density shifts 
significantly. For clarity, 
the nonannealed data has 
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Devices um 
-— —F 
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‘Magnetic Field (T) 


been offset vertically by 
0.003 f/e®. (Bottom 
insets) Scanning electron 


45 50 


‘micrographs of devices with similar gate geometry to those used in these experiments. 
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oon this heterostructure. The mobility (before the 
gates are energized) was 2 « 10” cm? V* s*, 
the carrier density was 2.6 « 10" cm *, and the 
v= z energy gap was ~130 mK in the bulk 
(G4. The OPCs were fonned by Cr/Au top 
gates, which were pattemed on the Hall bar 
using e-beam lithography. By applying a nega- 
tive gate voltage V, to these gates, the electrons 
underneath them ‘were depleted, creating a 
constriction tunable with ¥. We report measure- 
‘ments on devices with two different gate geom- 
etre (Fig. 1 bottom insets). Device 1 was a 
simple QPC with gate separation of 800 nm. 
‘Device 2 was a channe! ~1200 nm wide, formed 
‘by energizing the gates marked Gl, G2, G3, and 
G4 (gates Al and A2 were held at ground and not, 
used in this experiment). The sample was 
mounted on the cold finger of a dilution reftig, 
erator with a base temperature of less than 10 
mK. Inall figures and analysis, we quote electron 
temperatures. At temperatures > 20 mK, the 
‘mixing chamber and electron temperatures were 
‘measured to be equal with use of resonant elec- 
‘ron tunneling in a lateral quantum dot. Temper- 
atures below 20 mK were estimated by using 
both resonant tunneling and by tracking several 
strongly temperature-dependent quantum Hall 
{features in the bulk, with consistent results (36), 


04 


2. (Ato D) Differen- 0 
tunneling conduct- 
ance gr (device 2) as a 
function of magnetic field 
and dc bias current at 
several temperatures. On 
each raph, the zero de- 
bias Ry, trace from the 
same temperature is su- 
perimposed (right axis). 
The field range encom- 
passes the FOH states 7s, 
%, and % (marked with 
horizontal dot-dash tines). 
Atthe higher temperatures, 
dc bias nonlinearities exist 
only at the fractional pla- 
teaus, All other features, 
such as those from the re- 
entrant quantum Hall ef- 
fect, disappear at ~-30 mK. 


Fig. 3. Differential tun- 
nneling conductance gy 
(device D as a function 
of Vp and de bias at 
several temperatures: (A) 
T= 13 mK, (B) T= 20 mK, 
and (©) T'= 40 mK. The 
vertical dashed line marks 
the gate voltage at which 
the 2ero-bias peak persists 
to highest temperature. 


‘The magnetic fied was oriented perpendicular to 
the plane of the 2DES. 

Measurements were performed by using 
standand four probe lock-in techniques with an 
‘ac current excitation between 100 and 400 pA 
and in some cases a dc bias of up to 20 nA. To 
determine the tunneling conductance, g5 we 
simultaneously measured the Hall resistance, 
‘Rey (Voltage probes on opposite sides of the Hall 
bar away from the QPC), and the diagonal 
resistance, Rp (voltage probes on opposite sides 
‘of the Hall bar and also opposite sides of the 
QPC) (34, 36, 37). For a schematic of the sample 
and measurement setup, see fig. SI. In the weak 
tunneling regime (3) when the bulk of the sample 
is at a quantum Hall plateau, the tunneling 
‘voltage is the same as the Hall voltage, whereas 
Roreflects the differential tumneling conductance 
via 


Ryyis independent of de bias when the bulk is: 
FQH plateau. If one assumes that the underiying 
edge has a filling fraction Vusse, then the re- 
flection of the ‘/, edge state can be calculated 
a8 R= grey MU ander ele — Rey 


02 
a 2) 


Same filling fraction in QPC and bulk. A 
key difference from previous tunneling exper- 
{ments (31-34) is that we were able to deplete the 
electrons under the gates and induce tunneling 
‘without substantially changing the filling fraction 
{nthe QPC. This was achieved by applying a gate 
voltage of -3 V while at 4 K and allowing the 
system to relax for several hours, which we refer 
1 as annealing. We then cooled the sample and 
limited the voltage to the range -2 to -3 V at 
<fiution refigerator temperatures. After anneal- 
ing, Rp and Ry were measured over several 
integer plateaus, and the fields marking the ends 
of the plateaus were found to coincide for the 
QEC and the bulk (Fig. 1), indicating that the 
filing factors are the same. The extra resistance 
in Rp at FQH states is consistent with tunneling. 
Additional evidence that the filing finetion 
changes litle once the QPC is annealed is shown 
inthe Fig. | top inset: The slopes of Ry and Rp at 
low magnetic field, inversely proportional 10 
carrier density, differ by 2% or less, For 
comparison, we show data from a nonannealed 
QPC in which the density decreases by ~15%. 
ias and temperature dependence. Focus- 
ing on the dependence of gon the dc bias, Ja, 
through the QPC and Hall bar, Fig. 2 shows a 
color-scale plot of the dependence of gon both 
Ja. and magnetic field, B, at four temperatures; 
8 measurement of Ryy is shown for comparison. 
As seen at the highest temperatures, these field 
sweeps reveal a series of FQH states (38) around 
v=/>, including the 7/; and the */;. At the 
lowest temperatures, strong reentrant integer 
quantum Hall (RIQH) features are also visible 
on either side of */2, both in the bulk and in the 
QPC (Fig. 2). The de bias behavior at FQH 
plateaus is quite different from that of the RIQH 
features: At FQH plateaus, zero-bias peaks in gr 
pessist up to at least SO mK (Fig. 2D). By 
contrast, RIQH states have more-complex de bias 
signatures, which decrease rapidly with temper 
ature, disappearing by 30 mK both in the bulk 
(Rey) and in the QPC (er). Qualitaively similar 
results were observed for device 1. To study the 
FQH state atv = */;, we set the magnetic field to 
the center of a bulk FQH plateau (B= 4.31 T for 
device 2, vertical line in Fig. 2C, and B= 4.3 T 
for device 1). 

‘With the field set to the center of the plateau, 
‘we investigated the effect of V, on the zeto-bias 
peak at several temperatures (Fig. 3). At the 
Jowest temperatures (Fig. 3A), the zeo-bias peak 
persists throughout the range. At higher 
temperatures, a peak in both de bias and V, was 
observed, centered near Vz ~~2.$ V (Fig, 30). 
To study quasi-particle tunneling, we set V tothe 
center ofthis peak, the feature that persists to the 
highest temperature, because theory predicts that 
tunneling decreases slowly, asa power law, with 
temperature, 

‘With the magnetic field and gate voltage set, 
‘we measured the de bias dependence in device 
1 at various temperatures (Fig. 4). The traces in 
Fig. 4A are slices along the dashed lines in Fig. 3 
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Because the voltage drop between the two 
counterpropagating edge states in the QPC is the 
de current multiplied by the Hall resistance, we 
have labeled the horizontal axis with both the 
ccurent and the de voltage using R,y~ 04 hve" (3) 
‘All these traces saturate at the same value, R", at 
‘high de bias, higher than the expected value of 
0.40 h/?. The height ofthe peak, measured from 
R®, decreases with increasing temperature, fol- 
lowing a power law in temperanure with an 
exponent of 1.3 (Fig, 4B). The fall width at half 
‘maximum (FWHM) of the peak increases linear'y 
with temperature and extrapolates to Zero at 2er0 
‘temperature, consistent with a zero intrinsic line 
width (Fig. 4C). The data can be collapsed onto a 
single curve (Fig. 4D) when the horizontal axis is 
scaled by Tand the vertical axis is scaled by 7‘? 
(afer subtracting a cornmon background R") 


Extracting g and e*. The observed temper- 
ature dependence of the peak height and 
FWHM is consistent with the theoretical 
predictions of weak quasi-particle tunneling 
between fractional edge states (3, 18, 19). In 
that picture, the zero-bias peak height is 
expected to vary with temperature as 777, 
which gives g~ 0.35 for the data in Fig. 4B. 
‘The weak-tunneling expression, which in- 
cludes the effects of de bias (3) has the form 


& 


arteaig(_,“iete) 2) 


[see (36) for details). This functional form fits 
the experimental data weil, as seen in Fig. 4E. 
(Note that Rp and gr differ only by an offset 
and scale factor) All five temperatures are fit 
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Fig. 4. (A) Rp (device 1) asa function of dc bias a fixed magnetic field (B = 4.3 T, middle of v= 52) and 
fixed gate voltage (V, = ~2.5 V) at several temperatures. The bias dependence of Rais proportional to that 
‘of gr (right axis) up to a constant. (B) Zero dc-bias peak height asa function of temperature. The red line is 


the best fit with a power law in which the exponent 


'=13. (© The peak FWHM as 2 function of 


‘temperature. The red line is the best fit with a line going through zero. (D) Data collapsed onto a single 
curve using an exponent of ~1.3. (E) Best fit of all the data in (A) withthe weak tunneling formula (Eq. 2) 


returns e* = 0.17 and g = 0.35. 
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simultaneously with four free parameters: a 

ingle vertical offset corresponding to R", an 
amplitude 4, and the two quantities g and e*. A 
least-squares fit over the full data set gives 
best-fit values ¢ ~ 0.35, the same value found 
from the power law fit of the peak heights (Fig. 
4B), and e* ~ 0.17. Uncertainties in these 
values will be discussed below. Similar analy- 
sis performed on data from a different device 
(device? but energizing only gates Gl and G4) 
‘yields quantitatively similar results, 

To characterize the uncertainty of these mea- 
sured values, we show in Fig, $a matrix of fits to 
the weak-tunneling form, Eq. 2 with g and e* 
fixed and 4 and 2° as ft parameters. The color 
scale represents the nommalized fit enor, defined 
as the residual of the fit per point divided by 
0.0005 /ve*, the noise of the measurement. A fit 
error < | indicates that fit is consistent with the 
data within the noise of the measurement. 
Higher values indicate worse fits (36) (figs. S4 
and SS). 

This matrix of fits allows various candidate 
states at v= /> to be compared with the tun- 
neling data. All of the candidate states predict 
e* ='/e, but g can differ. States with abelian 
quasi particle statistics include the so-called 331 
state (14, 15), which has a predicted ¢ = 5/y 
(17), and the K = 8 state with ¢ =p (16), 
States with nonabelian quasi-particle statisties 
include the Pfaffian (6), with g = /, (17); its 
particle-hole conjugate, the anti-Pfaffian (8, 9), 
‘with ¢='/2 (8, 9, 18), and the U{1) * SU2(2) 
state (7), also with g=/. Parameter pairs 
(c*. g) representing these candidate states are 
matked in Fig. 5. Evidently the states with 
et ='. and g='/, both nonabelian, are 
‘most consistent with our tunneling data. The 
abelian state with e* = '/s and ¢ = ¥/s cannot 
be excluded; however, we note that weak tun- 
neling of e* = '/> quasi-particles appears 
consistent with the data 

Strong tunneling. In contrast to device 1, 
the de bias data from device 2 show evidence 
for strong tunneling, Device 2 has a long, 
channel-like geometry, which should increase 
the mumber of tunneling sites and hence the 
tunneling strength. Diagonal resistance, Rp, as 
1 function of dc bias at several temperatures is 
shown in Fig. 6A, which should be compared 
to those from the short QPC (Fig, 4A). At 
higher temperatures, the zero-bias peak height 
ccan be described by a power law in temperature 
with an exponent similar to that in the QPC 
(Fig. 6B and fig. S6B) and a FWHM that is 
proportional to temperature (Fig. 6C). Atlower 
temperatures, the peak height deviates from a 
power law and saturates at the lowest temper- 
atures at a value of resistance consistent with 
the resistmce at v= 7/s (the resistance is higher 
than’/; //e” by the background R*— 0.4), and the 
FWHM deviates from the linearity seen at higher 
temperature. We also observed that the peak 
develops a flat top and strong side dips (Fig, 
6A) at the lowest temperature. 
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Fig. 5. Map of the fit quality. Normalized fit error isthe residual from the least-squares fit, divided by the 
‘number of points and by the noise of the measurement. Also marked on the map are proposed theoretical 


pairs of (*, 9). 


Fig. 6. (A) Ro (device 2) ri 
a5 a function of dc bias at 
fixed magnetic field (@ = 
4317, middle of v = 9) 
and fied gate voltage V,= 
=2.4 V) at several tem- 
peratures. At the lowest 
temperature, the peak de- 
velops a flattop ata value 
of resistance consistent 
with the resistance at v = 
7h. (B) Zero-bias peak 
height as a function of 
‘temperature. The peak 
height saturates at the 
lowest temperatures. (C) 
Peak width as a function 
of temperature. The red 
line is the best fit of the 
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high-temperature data 
with a tine going through 
zero. Below ~30 mK the 
peak width no longer follows this line. 


We are not aware of quantitative predictions 
for the strong tunneling regime for v="/s 
‘However, qualitative comparisons with strong 
tunneling theory (39) and experiment (31-33) at 
other FQH states (v < 1) can be made. For strong 
tunneling, the edge states associated with the 
topmost fractional state (v= ‘/2 in the present 
case) are backscattered almost entirely so that 
the quasi-particle tunneling takes place along 
the QPC rather than across it (19, 39). The 
fiat-top peak shape and strong side dips (Fig. 
6A), much stronger than that expected from 
weak tunneling (Eq. 2), are qualitatively con- 


700 0 


sistent with previous strong-tunneling swudies 
for v <1 (32, 39). The value of Rp at the 
peak is consistent with full backscattering of 
the fp edge and a v= 7/5 underiying edge 
state 

Outlook. Beyond enabling investigations in 
the fundamental physics toward a demonstra- 
of monabelian statistics, these experi- 
ments demonstrate a high degree of control of 
interedge tunneling of the ‘/> edge state, 3 
prerequisite for quasi-particle braiding opera- 
ons needed for related schemes of topological 
‘quantum computing. 
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Design Logic of a Cannabinoid 
Receptor Signaling Network 
That Triggers Neurite Outgrowth 


Kenneth D. Bromberg, Avi Maayan, Susana R. Neves, Ravi lyengar* 


CCannabinoid receptor 1 (CB1R) regulates neuronal differentiation. To understand the logic underlying 
decision-making in the signaling network controlling CB1R-induced neurite outgrowth, we profiled the 
activation of several hundred transcription factors after cell stimulation. We assembled an in silico 
signaling network by connecting CB1R to 23 activated transcription factors. Statistical analyses of this 
network predicted a role for the breast cancer 1 protein BRCA1 in neuronal differentiation and a new 
pathway from CBIR through phosphoinasitol 3-kinase to the transcription factor paired box 6 (PAXé). 
Both predictions were experimentally confirmed. Results of transcription factor activation experiments 
that used pharmacological inhibitors of kinases revealed a network organization of partial OR gates 
regulating kinases stacked above AND gates that control transcription factors, which together allow for 
distributed decision-making in CB2R-induced neurite outgrowth. 


ignaling through the cannabinoid receptor 
1 (CBIR), which couples to the heterotr- 
meric guanine nucleotide-binding proteins 
G proteins) G; and G,, regulates many physio- 
logical processes. In cultured mouse Neuro2A 
cells, CBIR stimulation induces neurite outgrowth 
through a signaling pathway from Ga, that ac 
tivates the protein kinase e-Sre and the transerip- 
tion factor signal tanstiucer and activator of 
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transcription 3 (Stat3) (2, 2). CBIR signaling also 
has a key role during central nervous system 
development and in the adult brain (3, 4), 

Furthermore, CBIR has been shown to modulate 
several neurological disonders (5). However, the 
organization of the CBIR signaling network in 

volved in cellular state-change decisions has not 
been well defined. Delineation of the organiza- 
tion of signaling networks is useful in identifying 
emergent decision-making capabilities (6). To 
do so, we started with delineating individual 
pathways (1, 2). However, simply verifying the 
presence and function of individual pathways will 
not advance our knowledge of the design of 
complex cellular regulatory networks and their 
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decision-making capabilities, A key challenge in 
systems biology is to idemtify, experimentally 
verify, and understand the organizations of com: 
plex regulatory systems 

To broadly define the cellular network reg 
ulating CBIR-induced neurite outgrowth, we in- 
tegrated transcription factor activity profiling, 
network biology, and cel biology. Fist, the CBIR- 
triggered activation of multiple transcription fxc- 
tors was profiled during neurite outgrowth. We 
then developed an in silico network in which the 
activated transcription factors were linked to 
known interactors and pathways that regulate 
them to idemtify new components and pathways 
involved in neuronal differentiation. Predictions 
‘were experimentally tested in cultured and primary 
neurons. We then used selective pharmacological 
{inhibitors in transcription factor activation ex. 
periments to determine the hierarchy between 
three key kinases and transcription factors. These 
experiments allowed for construction of a map 
here partial OR gates atthe leve! of G proteins 
regulating Kinases are stacked on top of AND 
gates at the level of Ikinases regulating transcrip. 
tion factors, allowing for a distributed decision 
‘making capability within the network. 

CBIR-regulated transcription factors. We 
assayed transcription factor activation in re- 
sponse to the CBIR agonist HU-210 in Neuro2A 
Us by using a commercial array (7). Spotted on 
this array are 345 oligonucleotide transcription 
factor-binding sites (table SI), enabling the ac 
tivation ofa large number of transcription factors 
to be assayed simultaneously [see (7) for array 
details], Studies have indicated that CBIR ac- 
tivation of Ga, can stimulate Stat3 (2), so we 
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-L Identification of positive and negative regulators of CB1R induced neurite 
‘outgrowth. (A) Arrays of transcription factor activation in NeuroZA cells treated 
With DMSO as a control or 2 uM HU-210 (CBIR agonist) for 20 min. The right 
panel highlights several of the activated transcription factors. The colors in the 
panel correspond to the circled spots in the arrays. TCF1, T cell factor 1. (B) Effects 
of transcription factor inhibition on neurite outgrowth. NeuroZA cells were 
transfected with the indicated siRNAs or transfected with DN Stat3 constructs [Y-+F 
and DNA-binding domain (DB0)], ON CREB, wild-type cMyb, or CDNAS (see fig. 
$511 for construct expression) and then stimulated with HU-210 to induce neurite 
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‘outgrowth. Error bars, mean + SEM (n = 3 independent experiments); *, P< 0.05, 
(Gtatistically significant difference by Student's t test) versus the control Luc 
SIRNA; **, P < 0.05 (Student's t test) versus control peDNA3. The figure isa 
composite of multiple experiments. The siRNA transfections were performed as 
‘two experimental sets. Set 1: Luc, AP-2, PAX6, c-Myb, and SFI. Set 2: Luc, 
INR3C1, Smad3, RARa, CEBPa, NFYA, and SPI1. Transfections of each DN con- 
struct were first done independently and then repeated as one experimental set. 
Depletion oftranscrigtion factor expression was confirmed by quantitative realtime 
reverse transcription polymerase chain reaction (RT-PCR) or immunoblot (fig. S12). 
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expected to observe activation of Stat3 on the 
amay. Mouse Neuro2A cells were treated with 
‘HU-210 (2 4M) for 20, 60, 120, and 360 min to 
assess transcription factor activation. Ongoing 
‘transcription was required for at least 360 min to 
{induce neurite outgrowth in response to CBIR 
signaling (fig. SI). Nuclear extracts were ob- 
tained and processed for hybridization to the 
may. The Entrez Gene names of all the tran- 
scription factors activated over the 360-min time 
course are displayed in table S2. All of the tran- 
scription factor-activation arrays described in 


Fig. 2. Construction of networks and identification 
‘of BRCA1 and a PI3K-AKT-PAK6 pathway as regula~ 
tors of CB1R-induced neurite outgrowth. (A) Eight 
‘mammalian protein-protein interaction databases 
and one signaling network were consolidated into 
a single network made of 67,379 human protein 
protein and protein-tigand interactions (). This net- 
work was filtered by removing interactions from 
research articles that reported more than three in- 
teractions. The lists of activated and nonactivated 
transcription factors (TFs) at 20 min were used as 
input nodes to find direct and neighboring inter- 
actions and to identify paths from the CBIR receptor 
‘to the transcription factors (I), enabling us to iden- 
tify and rank regulators within the network (i). (B) 
{A subnetwork created by finding the shortest paths 
(of a maximum of seven steps from the HU-210 node 
(HU) to the 23 activated transcription factors (orange 
‘nodes) at 20 min. (I) Paths were found for 17 out of 
the 23 factors, BRCA1, PI3K, and AKT2 are hightighted 
(green nodes). HU and CB1R nodes are highlighted 
‘in blue. (i) Pathway connecting CBLR to PAX6 through 
PIBK and AKTI (edited manually after literature re- 
Vie). (ID Table showing the ranking of components 
in pathways detected in a control subnetwork (fig. SA 
and table $3) versus the activated subnetwork using 
‘the ranking method described in the supporting on- 
{ine material (SOM) (7). I, and Il in (B) correspond 
‘to, I, and Ill in (A), respectively. CREBBP, CREB- 
binding protein; PIKSCA, PIK3 catalytic, alpha; PIP2, 
phosphatidylinositol 4,5-bisphosphate; PIP3, phos- 
phatidylinositol 3,4, 5-trisphosphate. (C Subnetwork 
Created by finding the shortest paths of a maximum 
of two steps between the 23 activated transcription 
factors. Nineteen ofthe factors were connected using 
this method (orange nodes). A binomial proportions 
testivas used to prune out most ofthe less important. 
intermediates. BRCAL is highlighted in green. 
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table S2 are shown in fig. S2A, and several 
‘transcription factors that were activated at 20 min 
are highlighted in Fig. 1A. Activated transcription 
factors fell into three main categories: those that 
were activated carly and transiently, such as 
Stat3, Smad3, and Smads; those that displayed 
sustained activation, including c-Myb and paired 
box 6 (PAX6); and those that were activated at 
Iter times, such as forkhead box Hl (FOXID and 
upsteam transcription factor 1 (USF). In all, 33 
transcription factors were activated over the 6- 
hhour time course of CBIR stimulation. Because 


the activations of homeobox D8 (HOXDS), 
HOXDS, and HOXD10 and Smad3 and Smad 
‘were each represented as single spots on the array, 
they were grouped together in table S2. For the 
computational analysis (see below), they were 
used individually, Sta was activated at 20 and 
660:min, and this activation was confirmed by gel 
shifi analysis (ig. S3A). cAMP response element 
binding protein (CREB), a transcription factor 
known to be involved in neurite outgrowth (6), 
wwas also activated, and this result was verified 
when CREB was phosphorylated on Scr in 
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response to HU-210 (fig. S3B). It is likely that 
CREB is activated through By subunit of G, 
(Gfy-mediated stimulation of p42 and p44 
mitogen-activated protein kinase (MAPK) (9) 
MAPK was also activated in response to CBIR 
stimulation, and the treatment of cells with the 
upstream MAPK Kinase (MEK)-1,2 kinase in 
hibitor PD 98059 (PD) attenuated phosphory!- 
ation of both MAPK and CREB (fig. S3E) 
‘Transfection of a dominant-negative (DN) CREB 
construct inhibited cannabinoid induced neurite 
outgrowth, albeit to a lesser extent than did DN 
Stat8 (Fig. 1B), Retinoic acid receptor (RAR), 
another well-known regulator of neurite out- 
growth (70), was also activated on the array, and 
this finding was confirmed by ge! shift analysis 
(fig. S3C). We also examined several tran- 
seription factors, including ¢-Myb, activating 
protein 2a (AP-2a), and PAXG, that have not 
been shown to have a role in neurite ouigrowth, 
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Fig. 3. Regulation of CB1R-induced neurite 
‘outgronith by BRCAL. (A) Effect of BRCAL siRNA on 
cannabinoid-induced neurite outgrowth. Neuro2A 
cells were transfected with Luc siRNA or BRAT 
SIRNA and stimulated with 2 4M HU-210 to induce 
neurite outgrowth or with DMSO as a control 
Amounts of neurite outgrowth in cells exposed to 
Lue siRNA and HU-210 were normalized to 1, and 
baseline amounts of neurite outgrowth were nor- 


Gel shift analysis confirmed the activation ¢-Myb 
(Big. S3D). These results validate several of the 
transcription factors that were activated on the 
amays, 

To test whether the activated transcription 
factors might regulate the induction of neurite 
outgrowth, we assessed 10 of the activated 
factors, representing all three categories (ear! 
sustained, and late activation) in addition to 
CREB and Stat3. Depletion of AP-2a, PAX6, 
and spleen focus forming virus proviral inte- 
gration oncogene 1 (SPII) with RNA interfer 
ence (RNAI) inhibited cannabinoid-induced 
neurite outgrowth by ~60%, and RNAi of 
RARa was also slightly inhibitory (Fig. 1B). In 
contrast, RNAi of Smad3, ¢-Myb, and nuclear 
transcription factor-Y a (NFYA) led to an en- 
hancement of HU-210-stirmilated neurite out 
growth. Ectopic expression of cMyb reduced 
neurite oulgrowth by ~30%. Off-tayet gene 
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malized toO (7). Treatment of cells with an SC sRINA (SC siRNA HUD resulted in similar amounts of cannabinoid- 
‘induced neurite outgrowth as Luc siRNA (Luc siRNA HU). Error bars, mean + SEM (n = 3 independent 
experiments) *,P < 0.01 (tudent'st test) versus Luc siNA HU-210 control. (B) Regulation of Stat3 localization. 
Neuro2A cells were transfected with Luc siRNA or BRCAL siRNA and treated with DMSO or HU-210 for 20 min, 
Cells were fited, permeablized, and stained with Stat3 antibodies. Purple and yellow arrows indicate cytosolic 
and nuclear Stat localization, respectively. Scale bars indicate distance in micrometers. Nuclei were visualized 
with Hoescht stain. (C) Decreased BRCA1 expression in response to CBIR stimulation. NeuroZA calls were 
stimulated with HU-210 and RNA was olated at the indkated times. Quantitative realtime RT-PCR was 
performed as described in the SOM (7). Error bars, mean + SEM (n = 4 independent experiments); *, P< 0.01 


(Student's t test) versus O min controL 
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Slencing eflécts of RNAi seemed unlikely because 
CBIR induced neurite outgrowth was similar in 
cells teated with luciferase (Luc) small interfering 
RNA (SRNA) and a separate scrambled (SC) 
SRNA. These results suggest that transcription 
factor profiling is able to detect both positive and 
negative regulators of neurite outgrowth. 

In silico network construction and predicting 
‘new components and pathways. Although the 
transcription factor arrays indicate that many 
transcription factors are activated during neu- 
te outgrowth, they do not provide information 
about the cell signaling pathways and compo 
nents that lead to their activation. We identified 
the upstream signaling pathways and compo 
nents regulating the activated transcription fac 
tors by constructing a network in silico, For this 
we used available protein-protein interaction 
databases, graph-theory analysis, and statistical 
tests. We consolidated eight existing mammalian 
protein-protein interactions networks, the Bio- 
‘molecular Interaction Network Database (BIND) 
(ZD, the Human Protein Reference Database 
(HPRD) (J2), the Molecular Interaction data 
base (MINT) (13), the Database of Interacting 
Proteins (DIP) (J), ImtAct (15), BioGRID (16), 
Reactome (17), and the Protein-Protein Inter 
action Database (PPID) (18), with a neuronal 
signaling network we developed (19), To remove 
potentially low-confidence interactions, such as 
interactions reported from yeast two-hybrid 
screens, we filtered the mine consolidated data 
sets by removing all articles reporting more than 
three interactions. This method reduced the mim- 
ber of interactions in the consolidated database 
fiom 67,379 to 15,494 (Fig. 2A). Applying a 
shortest-path analysis, we first automatically 
found undirected paths of a limited path length 
(two steps, al direct- and second neighbor inter: 
actions) between all the transcription factors, 
knowing the consensus-binding sequences on 
the transcription fiactor-activation array. Com- 
bining all the paths ffom this search resulted in a 
subnetwork made of 444 nodes and 1873 inter- 
actions from 1843 unique references. We merged 
this subnetwork with a lamwe-scale curated signal 
ing network we developed fram the neuroscience 
erature (19). Again applying shortest-path anal 
ysis, we searched for directed paths with a im- 
ited threshold path length (seven steps) from the 
CBIR agonist HU-210 to the transcription fac 
tors associated with the consensus sequences on 
the array. We found paths from HU-210 to 104 
transcription factors, including 17 of the 23 tran 
scription factors that were activated within 20 min 
{in table S2 (Fig. 2B) and 87 transcription factors 
that were not activated (fig. $4). Counting and 
comparing the mumnber of times that components 
appeared in pathways to activated factors or non 
activated fictors enabled us to identify intermediate 
components in pathway’s predicted to participate 
in the regulation of the activated transcription 
factors (Fig. 2B and algorithm $1). BRCAI, the 
breast cancer susceptibility protein (20), was ranked 
highest as the most specific regulator of the 
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activated transcription factors (Fisher exact test, 
P~ 0.05; table $3, using equation S1; and Fig. 
2B). One of the unanticipated pathways that 
emerged fiom using this method connected 
CBIR stimulation to PAX6 through phospho- 
inositol 3-Kinase (PK) and the protein kinase 
Akt (able S3 and Fig. 2B). We applied a similar 
analysis by building a subnetwork that attempted 
to connect only the activated transcription factors 


Fig. 4. Regulation of neuronal differentiation by 
BRCA1. (A) BRCA1 regulates neurite outgrowth in 
rat primary hippocampal neuron cultures. Hippo- 


(igorithm $2). Surting with a list of the 23 
activated factors, we searched for paths of three 
Hinks in length using the consolidated mamma- 
jan protein-protein interactions networks. This 
‘subnetwork contained 79 nodes and 328 links, 
significantly more links than those in subnet 
Works created from 20 randomly generated seed 
lists of the same size, created from factors that 
‘were mot activated on the transcription factor 


A BiluesinNA 
Cl BRCAt siRNA 


activation arrays (table S4; z test, P < 0.001), 
The clustering coefficients and characteristic 
path lengths (27) were similar (0.18 versus 021 + 
0.09 and 2.37 versus 246 + 039) in the sub- 


network of activated factors and the control 
subnetworks, We used a binomial proportions 
test to remove components that were found in 
the activated factors subnetwork but not specif 
fnteracting with the activated fuctors, 


‘campal cultures were transfected with Luc siRNA or 
BRCAI siRNA after plating and adhesion. Cells were 
fixed 30 hours after transfection. The mean number 
cof ‘processes per cell in each field was analyzed 
morphometricaly. The mean number of processes 
for neurons treated with Luc siRNA was normalized 
to 1. Error bars, mean + SEM (7 = 10 wells of four 
fields per well for each experiment set); *, P< 0.05 
‘Student's t test) versus Luc siRNA control. (B) 
BRCA1 regulates synaptic density in hippocampal 
‘neuron cultures. Neurons were transfected with Luc 
siRNA or BRCA1 siRNA using NeuroPORTER after 3 days in cutures. Four days later, cells were fixed and stained with synaptophysin (red) and fi-tubulin (blue) 
antibodies. Yellow arrows denote synaptophysin puncta. Quantification is shoven in fig. S7B. 
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Time (in) PAX6 Fig. 5. Effects of PIK- 
Akt signaling to PAX6 on 
CBIR-induced neurite 
‘outgrowth. (A) Phospho- 
‘ylation of Alt: NeurozA 
cals were stimulated with 
2 uM HU-210 for the in- 
dicated times in the ab- 
sence (-LY) oF presence 
of (+LY) the PIBK inhibi- 
tor LY. Celis were lysed 
and immunoblot analysis 
was performed with anti- 
bodies to phospho Akt 
(AK) or total Alt. pAkt 
levels were normalized to 
total Akt Error bars, 
mean 2 SEM (n = 3 in- 
dependent experiments} 
+, P< 0.05 (Student's 
ft test) versus 0 min 
control. (B) Effects of 
pharmacological inhibitors on neurite outgrowth. 
[Neuro2A cells were either treated with the indicated 
inhibitors or transfected with DN CREB and then 
stimulated with HU-220 to induce neurite outgrowth. 
Error bars, mean & SEM (7 = 4 independent 
experiments for PD, m = 3 for all others); *, P< 
(0.02 (Student's t tes versus DMSO control; “P< 
0.01 (Student's test) versus pcDNA3 control. The figure isa composite of multiple experiments. DN CREB + LY was performed with the other ONA transfections 
in ig. 18. (C) Gel shift assay of PAX6 binding. NeuroZA cells were stimulated with 2 4M HU-210 forthe indicated times in the absence (-LY) or presence (+LY) 
of LY. Nuclear extracts were prepared and gel shift assays were performed with oligonucleotides containing consensus-binding sites for PAX6. (D) PAX6 
phosphorylation in rat primary hippocampal neuron cultures. Hippocampal cultures were stimulated with 1 uM HU-210 for the indicated times in the absence 
GLY) or presence (+LY) of 10 Mt LY 294002. Cells were lysed, and immunoprecipitations were performed with rabbit antibodies to PAX6 or rabbit 
immunoglobin G as a control Immunoblot analysis was performed with mouse antibodies directed against phospho-Thr. Phospho-Thr levels were normalized 
to PAX6 after stripping and re-probing the blots with PAX6 antibodies. Values were averaged from tro independent experiments. (E) Simple schematic of 
signal flow through Src, MAPK, and PI3K during neurite outgrowth. CB2R stimulation by HU-210 (HU) activates the alpha subunits of G and G, (a;,) and leads 
to activation of Stat3 through the kinase Src. BRCA1 is depicted in blue. The putative interaction between BRCA1 and Akt is shaded gray (38). 
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because these components interact with many 
proteins. Thus, their presence in the activated 
factors subnetwork might be by chance (22). 
Again, BRCAI was identified as a specific in- 
‘eractor with the activated transcription factors 
(binomiat tes, z score 58.9; table SS and Fig. 2C) 
We experimentally tested whether BRCA1 regu- 
lated neuronal differentiation and for the exis- 
tence of a CBIR-to-PAX6 pathway. 

Regulation of neuronal differentiation by 
BRCAL. Although the molecular mechanisms 
‘by which BRCAI finctions have remained enig 
‘matic, BRCAI is thought to participate in the 
response to DNA damage, centrosome ampli- 
fication regulation, and mitotic spindle assem- 
bly (20, 23, 24), BRCAI may also function in 
neural development, because mice with homo- 
zygous deletion of BRCAI die as embryos 
because of neural defects (25). However, no 
cell-biological function for BRCA during neuro- 
genesis has been reported. Several clinical case 
studies have linked BRCA1 mutant alleles 
found in breast cancer to epilepsy (26, 27) 
Thus, BRCAI may influence the pathology of 
neurological conditions. 

To examine whether BRCAL regulates neu- 
rite outgrowth, we inhibited BRCAI expres 
sion by use of RNAi in Neuro2A cells (fig. 


A cBiR 


‘The Venn diagram (data from fig. $28) shows th 


factor activation by the PI3K inhibitor LY (blue), the MAPK pathway inhibitor 
PD (yellow), and the Src inhibitor PP2 (magenta). (B) Proposed decision logic 
for cell-state change during CB1R-stimulated neurite outgrowth. A set of three 
pOR gates connects the alpha subunits of Gand G, (Goss for arity) and the 
Gy subunit to the kinases PI3K, Src, and MAPK. This study's results and the 
experimental literature (table 56) suggest that these gates are not true OR 


6. Integration of activated transcription factors with the upstream 
signaling network during CB1R-induced neurite outgrowth. (A) Pharmaco- 
logical inhibition of transcription factor activation during CBIR stimulation. 


12D). Ablation of BRCAI expression enhanced 
‘camabinoid-induced neurite outgrowth by 70% 
3A), In addition, 80% of the neurite out- 
‘growth normally observed in response to canna- 
‘binoid signaling was seen upon loss of BRCAI 
‘expression in the absence of HU-210. This result 
raises the possibilty that BCA may also affect 
neuronal differentiation in the absence of canna- 
binoid signaling. Indeed, several of the tanscrip- 
tion factors that interact with BRCAI (28-30) 
and were activated through CBIR stimulation 
participate in neuronal differentiation in mul- 
tiple comtexts (8, 10, 31). 

‘Network analysis indicated that BRCAI in- 
teracts with several of the transcription factors, 
including Stat, Stat3, and Smad3, within 20 min 
of cannabinoid treatment. We tested whether 
BRCAI regulated Stat3 and Smad3 during CBIR 
stimulation. BRCAI siRNA treatment resulted in 
‘an increase in the nuclear localization of Stat3 
in response to HU-210 at 20, 60, and 120 min 
3Band fig. SSB) and in nuclear localization 
‘of Smad3 at 60 and 120 min (fig. S6). Stat also 
‘accumulated in the mucieus within 60 to 120 min 
after HU-210 treatment of Luc sRNA-treated 
‘cells (fig. SSA), but toa lesser extent than in cells 
treated with BRCA1 SRNA (fig. SSB). These re- 
sults indicate that BRCAL influences cannabinoid- 
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regulated nuclear localization of Stat3 and Smad3, 
Consistent with these findings, stimulation of 
Neuro2A cells with HU-210 caused an ~40% 
decrease in amounts of BRCAI mRNA by 60 min 
that was sustained until 120 min (Fig, 3C), which 
comrelates with the time that Stat3 accumulates in 
the nucleus after HU-210 stimulation (fig. SSA). 
By 6 hours after treatment of cells with HU-210, 
amounts of BRCA1 mRNA were similar to those 
‘in unstimutated cells 

Because the loss of BRCA1 expression in- 
duced neurite outgrowth in the absence of CBIR 
stimulation, we investigated whether BRCAI 
played a general role in neuronal differentiation. 
In primary cultures of rat hippocampal neurons, 
the neurons initially form neurites that further 
develop into a single axon and multiple dendrites 
(32). To assess the role of BRCAL in differenti 
ation, primary hippocampal cultures were trans- 
fected with BRCAI siRNA after the cells had 
adhered to the culture plates (fig. S12E), After 
30 hours, cells were fixed and stained with 
‘B-tubulin to mark neurites, and neurite outgrowth 
‘was analyzed morphometrcally. In three of four 
experiments, RNAi of BRCA1 appeared to 
decrease the number of processes per cell by 10 
to 15% (Fig. 4A and fig. S7A), suggesting BRCAL 
is a positive general regulator of neuronal dif- 


es 
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dates and are thus represented as pOR gates ee fig. S13 for details). Stacked below are three AND gates that connect the kinases tothe transcription factors. The 
components and connections are in black. The gray arrows and gate symbols ae in gray to denote information flo and the abstract nature ofthe pOR and AND gates. 
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ferentiation. Because several case studies have 
linked BRCA1 mutations to epileptic seizures 
(26, 27), we also examined whether BRCAL 
regulated synapse formation in primary hippo- 
campal cultures. Synapses are proposed to form 
between neurons through protrusions by dendrit- 
‘ec flopodia, which extend toward axon terminals 
and form stable contacts during differentiation 
(33). Rat primary hippocampal cultures were trans- 
fected with Luc SIRNA or rat BRCA1 SRNA on 
the thind day that cells were cultured (fig. S12F). 
On day 7, cultures were fixed and stained with 
antibodies to the synaptic vesicle marker synap- 
tophysin and p-tubulin to mark dendrites Fig. 4B 
and fig. S7B). The loss of BRCA1 expression in 
primary cultures resulted in an increase in the 
Punctuate synaptophysin staining in hippocam- 
pal cultures, indicating that BRCAI may func 
tion in regulating locations where synapses may 
be forming during differentiation of hippocampal 
neurons. This was not due to an effect of BRCA1 
on cell viability, as the mumber of ive and dead 
cells was similar in neurons treated with Luc or 
BRCAI siRNA (fg. $8). Overall, these findings 
indicate that BRCA I is aregulator of cannabinoid- 
‘mediated and general neuronal differentiation and 
raise the possibilty that loss or dysregulation of 
BRCAI may also contribute to abnormal neu- 
ronal morphology and neurological disorders 
PI3K signaling to PAX6 during CB1R- 
stimulated neuronal differentiation. Network 
analysis also predicted that a CBIR-PISK-Akt 
pathway regulates neurite outgrowth and linked 
this pathway to PAX6. To assess this possibility, 
‘we first examined whether the PISK pathway was 
activated during neurite outgrowth in Neurw2A 
cells. Stimulation of CBIR resulted in Akt acti- 
vation, as demonstrated by phosphorylation of 
Sex’, which is required for activation of Akt 
Gig. 5A) (34). This activation was blocked by 
the selective PISK inhibitor LY 294002 (LY), 
suggesting that Akt activation was occurring 
through PK. Treatment of Newro2A cells with 
LY also inhibited neurite outgrowth by ~S0%, 
similar to the effects of the MAPK pathway 
inhibitor PD and DN CREB (Fig. 1B and Fig. SB). 
Blockade of both MAPK and PI3K pathways 
Jed to further inhibition of neurite outgrowth 
(Fig. SB), This inhibition is similar to that ob- 
served with DN Stat3 (Fig. IB) or the upstream 
kinase Sre inhibitor 4-amino-S-(4-chloropheny!}- 
7 (cbuty))pyrazclo[3 4 djpyrimidine (PP2)(Fig. SB). 
‘These ress suggest that PISK reguiates cannabinoid 
{nuced neurite outgrowth and that PISK and MAPK, 
‘may act independently to induce neurite outgrowth. 
We assessed with gel shift analysis whether 
PDK signaling activated PAX6 in Neuro2A cells. 
‘Treatment of Neuro2A cells with LY before 
HU-210 blocked the shift of a PAX6 consensus 
site afier 20 min of stimulation but not at later 
time points (Fig. SC), suggesting that PI3K acts 
inthe exty activation of PAX6 during cannabinoid- 
{induced neurite outgrowth. The role of PAX6 in 
cannabinoid signaling in primary hippocampal 
neurons was also examined. PAX6 is activated 


by phosphorylation on Ser and Thr residues 
(G5, 36). To assess whether PISK is involved in 
‘PAX activation in primary hippocampal cultures, 
‘we culnured neurons for 3 days, treated them with 
LY or dimethy! sulfoxide (DMSO), and then stim- 
‘ulated them with HU-210 (1 uM) for 30 or 60 min. 
‘PAX6 was immunoprecipitated and then immmuno- 
bloted with a phosphothreonine antibody to exam- 
ine PAX6 phosphorylation. Stimulation of CBIR 
‘with HU-210 led to the phosphorylation of PAX6, 
and blockade of PISK inhibited this effect Fig. SD 
and fig. S9), indicating that PIK may influence 
PAX6 activation in response to CBIR signaling. 

‘Signal processing for neuronal differentiation. 
‘Many of the transcription factors that we iden- 
tified by the profiling approaches are involved 
in neurite outgrowth. This, taken together with 
the validation of the network predictions that 
BRCAL is an important regulator and that PISK- 
to PAXG is a signaling pathway regulating neu- 
ronal differentiation, suggests the validity of the 
network that we are identifying by using this 
combination of experiments and bioinformatics. 
‘However, these experiments do not shed light 
‘on the design logic of this network We sought 
to determine the relationship between the upstream 
kinases and downstream transcription factors as 
‘an approach to understand how the different 
logic gates might be organized within the net- 
‘work. We used the transcription factor activation 
amays to assess how Sr, MAPK, and PISK 
signals influence the 23 transcription factors that 
‘are activated afier 20 min of stimulation of CBIR 
(table S2) in the presence of their pharmaco- 
logical inhibitors LY, PD, and PP2, respectively 
(Gg. S2). Each inhibitor affected the activation 
‘of a group of transcription factors and activation 
‘of some transcription factors was inhibited by 
several inhibitors (Fig. 6A). As expected, PD 
inhibited CREB activation and PP2 inhibited 
Stat3. Both LY and PP2 inhibited PAX6 acti- 
vation (Fig. 6A), suggesting that in addition to 
PIKK, Sre signaling may also influence PAX6 
activation. Blockade of either PISK or Ste in- 
hibited Akt activation (fig. $10). However, other 
‘molecules in addition to Src may signal to Akt 
because the inhibition of Sre did not completely 
abrogate the activation of Akt. The inhibition of 
‘MAPK enhanced Akt activation, suggesting that 
the PK pathway may compensate for the loss 
‘of MAPK signaling during neurite outgrowth. A 
simplified schematic of the signal flow during 
‘cannabinoid induced neurite outgrowth is shown, 
in Fig. SE. 

Network organization and cell state—change 
decisions. This study provides the framework 
to explore the mechanistic details of individ- 
ual interactions during neuronal differentia- 
tion. These relationships are likely to be cell 
type-specific as highlighted by BRCA1 inhi- 
bition of neurite outgrowth in Neuro2A cells 
and stimulation of outgrowth in hippocampal 
neurons. This study has enabled us to develop 
1 systems-level logic diagram for cell state~ 
change decisions in Neuro2A cells (Fig. 6B). 


For this we used the results of this study and 
the experimental literature on the G; and G, 
signaling pathways (fig. S13 and table $6). 
The picture that emerges has a set of partial 
OR (pOR) gates that connect the Ga, Ga, 
and Gy subunits to the kinases PI3K, Src, 
and MAPK. Src itself may stimulate both PI3K 
and MAPK. This redundancy of pathways in- 
dlcates that the upstream region of the network 
is abundant in positive feed-forward motifs that 
function as pOR gates, a topology reminiscent 
of what we have observed in our literature- 
based signaling network of the hippocampal 
neuron (/9). The three pOR gates are stacked 
con top of three AND gates that connect the 
Kinases to many transcription factors. AKt also 
appears to participate in a single-input module 
type motif (37) connecting to a number of tran- 
scription factors, but the role of most of these 
‘wanscription factors, except RAR, in neurite out- 
growth in Neuro2A cells is not clear. In contrast, 
AND gates connect Kinases to ¢-Myb, Stat3, 
PAX6, NFYA, and CREB, all of which function 
in CBIR neurite outgrowth as shown by 
functional ablation experiments. This organiza- 
tion of pOR gates stacked on top of AND gates 
suggests a distributed decision-making pro- 
cess. This provides a balance between redun- 
dancy of response pathways at the upper level 
and a balanced funneling of signals at the lower 
level, in which the AND gates can serve as 
filters, Such filtering would ensure that only 
signals of sufficient intensity and duration turn 
fon the transcription factors to trigger state 
change. Thus, this overall organization allows 
for reliable state-change responses to appropriate 
signals. 
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Turbulence and Magnetic Fields 
in the Large-Scale Structure 


of the Universe 


Dongsu Ryu,** Hyesung Kang,” Jungyeon Cho,’ Santabrata Das* 


‘The nature and origin of turbulence and magnetic fields in the intergalactic space are important 
problems that are yet to be understood. We propose a scenario in which turbulentflow motions are 
induced via the cascade of the vorticity generated at cosmological shocks during the formation of the 
large-scale structure. The turbulence in turn amplifies weak seed magnetic fields of any origin. 
Supercomputer simulations show that the turbulence is subsonic inside clusters and groups of galaxies, 
Whereas it is transonic or mildly supersonic in filaments. Based on a turbulence dynamo model, we then 
estimated that the average magnetic field strength would be a few microgauss (uG) inside clusters 
and groups, approximately 0.1 uG around clusters and groups, and approximately 20 nanogauss in 
filaments. Our model presents a physical mechanism that transfers the gravitational energy to the 
‘turbulence and magnetic field energies in the large-scale structure of the universe. 


there is growing evidence that the inter 

galactic medium (IGM) is permeated 

with magnetic fields and is in a state of 
turbulence, similar to the interstellar medium 
within galaxies. Magnetic fields in the intra- 
cluster medium (ICM) have been measured with 
a variety of techniques, including observations 
of diffuse synchrotron emission from radio hatos, 
{nverse-Compton scattered cosmic background 
radiation in extreme ultraviolet and hard x-ray 
radiation, and Faraday rotation measure (RM), 
The inferred strength of the magnetic field is 
on the order of 1 4G (J-3). In the IGM outside 
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‘of clusters, an upper limit of ~0.1 uG has been 
placed on the magnetic field strength of fil 
‘ments, based on the observed limit of the RMs 
of background quasars (4, 5). 

So far, signatures of turbulence have been 
observed only in the ICM. The analysis of the 
‘gas pressure maps of the Coma cluster revealed 
that pressure fluctuations are consistent with 
‘Koimogoroff turbulence, and turbulence is like- 
ly to be subsonic with eqap 2 0.1 C4 Where Cex 
and eq, are the turbulence and thermal energy 
densities, respectively (6). These results agree with 
predictions of numerical simulations of large- 
scale structure (LSS) formation (7, 8). Turbu- 
lence in the ICM also has been studied in RM 
‘maps of a few clusters (9, 10). 

Tthas been suggested that cosmological shocks 
with Mach numbers up to ~10" and speeds up to 
a few thousand kilometers per second exist in 
the IGM (11-13). Such shocks result from the 
‘supersonic flow motions that are induced by the 
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hierarchical formation of LSS in the universe. 
They are collisionless shocks, which form in a 
tenuous plasma via collective electromagnetic 
{interactions between particles and electromag 
netic fields (74), The gravitational energy released 
during the structure formation is transferred by 
these shocks to the IGM plasma in several difter- 
ent forms: in addition to the gas entropy, cosmic 
rays are produced via diffusive shock accelera- 
tion (15, 16), magnetic fields are generated via 
the Biermann batiery mechanism (7, 17) and 
Weibe! instability (18, 19), and vorticity is gen- 
erated at curved shocks (20, 21) 

In astrophysical plasmas in which charged 
particles are coupled to magnetic fields, turbulent. 
flow motions and magnetic fields are closely 
related. We suggest that the turbulence in the 
IGM is induced by the cascade of the vorticity 
generated at cosmological shocks. The turbu- 
lence then amplifies the intergalactic magnetic 
fields (IGMFs) through the stretching of field 
fines, a process known as the turbulence dynamo, 
This scenario provides a theoretically moti 
vated mode! for the evolution of the IGMFs in 
LSS, independent of the origin of seed fields. 

There are other sources that can also provide 
turbulence and magnetic fields to the IGM. For 
instance, galactic winds can drag out the galactic 
magnetic fields on the order of 1 wG strength 
{nto the surrounding IGM (22). The magnetic 
fields in the lobes of the jets from galactic black 
holes can also contaminate the IGM (23). Mergers 
of smaller objects are expected to produce 
turbulent motions in the ICM, which in. tum 
amplify the existing magnetic fields (24). Those 
processes, although possibly important, are not 
topics of this study. os 

We firs calculated the vorticity @ = Vx 
(Curl of flow velocity) in the IGM, from a nu- 
‘merical simulation using particle-mesh/Eulerian 
hydrodynamic code (25) for the formation of 
SS in a cold dark matter-dominated universe 
with a cosmological constant [supporting online 
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‘material (SOM) text SI}. As shown in Fig. 1, mi- 
‘merous shocks exist in the LSS that are bounded 
by accretion shocks (12). The distribution of vor- 
ticity closely matches that of shocks, suggesting 
‘that a substantial portion of the vorticity, if not 
all, must have been generated at the shocks. 

‘There is a clear trend that the vorticity is 
larger in hoter (Fig, 2) and denser (fig. S1) re- 
sions. As shown in the top right pane! of Fig. 2, 
at the present epoch Chale ~ 10 1030 (one 
the root mean square of the veIOCitY; fue, the 
present age of the univer) in clusters and 
groups [temperature (7) > 10” K] and filaments 
(10° < 7< 10" K), whereas it is on the onder of 
unity in sheetlike structures (10° < T< 10° K) 
and even smaller in voids (T< 10" K) (see SOM 
‘ext S2 for the temperature phases of the IGM). 
It increases a litle with time and asymptotes 
afier red shift = <1. Because the local eddy tum: 
overtime, fay can be defined with the vorticity 
88 feity = 1/0, yg(2) represents the number of 
eddy tumovers in the age of the universe at a 
given z. Roughly, if Zag is greater than a few, 
‘we expect there has been enough time for the 
vorticity to cascade down to smaller scales and. 
for turbulence to develop in the IGM. So it is 
likely that turbulence is well developed in 
clusters, groups, and filaments, but the flow is 
‘mostly nonturbulent in sheets and voids, 

In our simulation, the vorticity was generated 
either directly at curved cosmological shocks 
or by the baroclinity of flows. The baroclinity 
resulted from the entropy variation induced at 
shocks. Therefore, the baroclinic vorticity gen- 
eration also can be attributed to the presence 
of cosmological shocks. Our estimates of vor- 
ticity generation by the two processes (SOM 
‘ext $3) are shown with open symbols in the 
top right panel of Fig. 2. They agree reasonably 
well with the vorticity present in the simulation, 
although the estimates are intended to be rough. 
‘The plot indicates that the contributions from the 
‘two processes are comparable, 

To estimate the energy associated with tur 
buns, th ct compan of om et Fn 
which satisfies the relation ¥ % Wg = VE 


Fig. 1. Two-dimensional 
images showing gas den- 
sity pin a logarithmic 
scale (eft), locations of 
shocks with color-coded 
shock speed Vinog (mid- 
dle), and magnitude of 
Vorticity, cifage (right), 
around a cluster complex 
of (25 h~"Mpd? area at 
present (r = 0). Here, A 
is the Hubble constant 
in units of 100 km 5 
Mpc. The complex in- 
cludes a cluster of x-ray 
emission-—weighted tem- 


is extracted from the velocity field (SOM text 
S4). As vorticity cascades to develop into nur 
bulence, the energy (1/2)p¥aui"(p, gas density) is 
‘wansfered to turbulent motions, so we regard itas 
the turbulence energy, east. As shown in Fig. 3, 
ag <q in Clusters and groups. In particular, the 
‘mass-averaged value is (ems/€a)mux 0.1 10 03 
for T> 10” K, which is in good agreement with 


the observationally inferred value in cluster 


log T(K) 
1234567 


cores (6). The turbulence Mach number (Myui.)= 
Meat! = VIBE / Eq) 7, where c, is the 
sound speed. Therefore, overall turbulence is sub- 
sonic in clusters and groups, whereas itis tran- 
sonic or mildly supersonic in filaments. 

The general consensus regarding the origin 
of the IGMFs is that no mechanism can produce 
strong coherent magnetic fields in the IGM 
before the formation of LSS and galaxies (26). 


TTS 
2hz=0 wee 


1 eee 


[ce 


log B (uG) 


Fig. 2. (Left) Volume fraction with given temperature and vorticity magnitude (top left) and temper- 
ature and magnetic field strength (bottom left) at present. (Right) Time evolution of the root mean 
‘square of the vorticity top right) and volume-averaged magnetic field strength (bottom right) for four 
temperature phases of the IGM and forall the gas as a function of red shift z. Magenta symbols in the 
top right panel are our estimates of the vortkity generated directly at curved shocks (open circles) and 
by the baroctnity of flows (open squares). Magenta open circles in the bottom right panel show the 
mass-averaged magnetic field strength for T > 10” 


K 


perature 7, = 3.3 keV. Color codes for each panel are (left) pip) from 10" (green) to 10° (red); (middle) Visea: from 15 (green) to 1800 km s™ (red); and 


(Fight) cofyge from 0.5 (green) to 100 (red). 


16 MAY 2008 VOL 320 SCIENCE wwwsciencemag.org 


However, itis reasonable to assume that weak 
seed fields were created in the early uni 
(SOM text $5) The seed fields can be amplified 
by the intergalactic turbulence discussed above. 
In principle, if we were to perform magneto- 
hydrodynamic (MHD) simulations of structure 
formation, the amplification of the IGMFs could 
be followed, In practice, however, the curently 
available computational resources do not allow a 
‘mumerical resolution high enough to reproduce the 
full development of MHD turbulence in LSS (7). 

In order to follow the growth of the IGMFs 
by the dynamo action of turbulence, we turned 
to a separate simulation in a controlled box. 
Starting with a very weak regular field, a three 
dimensional incompressible simulation of driven 
‘MHD turbulence was performed (SOM text $6) 
In the simulation, the evolution of magnetic fields 
goes through three stages: (2) the initial expo- 
nential growth stage, when the back-reaction of 
‘magnetic fields is negligible; (i) the linear growth 
stage, when the back-reaction starts to openit: 
and (i) the final saturation stage (27). Adopting 
the simulation result, we modeled the growth 
and saturation of magnetic energy as 


Xt sy) = 2 
e/a Enab 


0.04 % expl(t/teaty — 4) /0.36 
foe t/teay <4 

= $(0.36/41) % (testy ~ 4) + 0.04 

for 4 <t/tssy < 45 

7) 

(fg. S2), Assuming thatthe fraction of turbulence 


energy govemed by Eq. 1, @, is converted into 
the magnetic energy, we estimate the strength 


Fig. 3. Ratio of turbulence to thermal energies as 
a function of temperature at present. The values 


shown are volume-averaged and mass-averaged 
over temperature bins. 
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of the IGMFs as B = [Stepan ~ (@0fs..))"*. 
Here, the values of @ and equ are calculated 


‘The resulting IGMFs follow the cosmic web 
of matier distribution as shown in Fig. 4 (and in 
fig. S3). On average, the IGMEFs are stronger in 
hotter (Fig. 2) and denser (fg. S1) regions in our 
model The strength of the IGMFs is B > 1 uG 
inside clusters and groups (the mast averaged 
value for 7> 10 K), ~0.1 4G around clusters 
and groups (the volume-averaged value for T > 
10° K), and ~10 nG in filaments at present 
(bottom right pane! of Fig. 2) (see SOM text S7 
for the mumerical convergence of the estima- 
tion). These values agree with the observed ficld 
strengths discussed earlier. They also agree with 
the previous study (7), in which the magnetic 
field strengih in clusters was estimated to be a 
fewmicroGauss, based on a Kinetic theory. The 
IGMFs should be much weaker in sheetike 
But as noted above, tur 
is not filly developed in such low- 
density regions, so our mode! is not adequate to 
predict the field strength there. For each temper: 
ature phase, the IGMFs are stronger in the past, 
because the gas density is higher. However, the 
IGMEs averaged over the entire computational 


REPOR 


volume are weaker in the past because the fiac- 
n of stong-field regions is smaller. 

While being amplified, magnetic fields be- 
come coherent through the inverse cascade (27) 
The coherence scale of magnetic fields in fully 
developed turbulence is expected to be several 
times smaller than the driving scale; that is, the 
scale of dominant eddies (SOM text $8). In the 
IGM outside of clusters, the curvature radius 
of typical cosmological shocks is approximate- 
Jy a couple of megaparsecs (/) (fg. S4), which 
should represent a characteristic scale of dom 
{nant eddies. The coherence length of the IGMF's 
there is then expected to be several hundred 
Kiloparsecs. On the other hand, the scale height 
of the ICM is several 100 kpe. The coherence 
length in the ICM is expected to be ~100 kpe 
fo 50, if it corresponds to the scale of the dom: 
{nant eddies. 

(Our mode! can predict the RMs owing to the 
IGMFs, which may be tested in future ob 
servations with Low Frequency Amay and Square 
Kilometer Array (28). Also, our model IGMFs 
can be employed in the study of the propagation 
of ultr-high-energy cosmic rays, which is cru 
ial to search for astrophysical accelerators of 
such high-energy particles (29), 


Fig. 4. Volume-rendering image showing the logarithmically scaled magnetic field strength at z = 0 in 


the whole computational box of (100 A~* Mpc) 


‘volume. Color codes the magnetic field strength from 


0.1 nG (yellow) to 10 1G (magenta). The colors were chosen so that clusters and groups show as 


magenta and blue and filaments as green. 
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Stress and Fold Localization in 
Thin Elastic Membranes 


Luka Pocivavsek,* Robert Delisy,? Andrew Kern,” Sebastidn Johnson,? Binhua Lin? 


Ka Yee C. Lee,? Enrique Cerda®* 


Thin elastic membranes supported on 2 much softer elastic solid or a fluid deviate from their flat 
geometries upon compression. We demonstrate that periodic wrinkling is only one possible 
solution for such strained membranes. Folds, which involve highly localized curvature, appear 
‘whenever the membrane is compressed beyond a third of its initial wrinkle wavelength. Eventually 
the surface transforms into a symmetry-broken state with flat regions of membrane coexisting with 
locally folded points, reminiscent of a crumpled, unsupported membrane. We provide general 
scaling laws for the wrinkled and folded states and proved the transition with numerical and 
experimental supported membranes. Our work provides insight into the interfacial stability of such 
diverse systems as biological membranes such as lung surfactant and nanoparticle thin films. 


rrumple a piece of paper and a meshwork 

of highly deformed ridges and perfectly 

straight planes appear. This focusing be- 
havior is universal for any strongly confined 
‘membrane (1, 2). Compress similar membrane 
now resting on some substrate like water or a 
gel, and it responds differently. Its initial re- 
sponse is wrinkling, producing beautiful simus- 
cidal undulations across the entire surface (3-7) 
Yet ifthe wrinkled surface is laterally compressed 
ceven further, a different geometry emerges. The 
wrinkles disappear everywhere except for a few 
select locations on the surface that exhibit folds, 
a geometry similar to the crumpled piece of 
paper. 
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Avvariety of real systems can be thought of as 
clastic membranes resting on softer substrates. 
ur lungs are ned by a thin membrane, com- 
posed of lipids and proteins, that stabilizes them 
and is often modeled as an elastic sheet on a fuid 
subphase (8-10). The membrane's mechanical 
response via reversible folding is believed to play 
key role in normal lung function (9). Likewise, 
‘thin layers of nanoparticles—which show prom- 
ise as unique electronic, optical, and magnetic 
‘materials (11) —have recently been spread at ait 
‘water interfaces as a method of controlling their 
packing structure and to allow ease of deposition 
‘onto solid substrates for potential technological 
‘use (22, 13). Wrinkling and folding of such layers 
during deposition could be exploited to create 
‘anopatterned structures. 

Several theoretical approaches have been 
developed to treat particular cases of either 
‘wrinkling (3, 6, 7, 14-16) or folding (8, 17, 18) 
in given systems. However, the generality of these 
instabilities has not been developed, and existing 
theories treat one state or the other without con 
necting the two. Here, we explore the evolution 


of a general elastic interface under lateral com- 
pression, We show that wrinkles appear as afirst- 
onder linear response of the membrane and can be 
suppressed by nonlinear effects that give rise to 
the fold at greater confinement. 

A thin (10-um) sheet of polyester resting on 
the surface of water is initially lat. Clamping one 
set of free edges between two movable barriers 
and compressing by some small amount A, the 
sheet instantaneously forms wrinkles with awave- 
length 2. (a in Fig. 1A). Ifthe sheet is contimually 
compressed, the wrinkle amplitude grows wni- 
fonmly across the surface (19). Eventually one 
‘wrinkle wil grow in amplitude, whereas the others 
decay as sen in bin Fig. 1A. Further confinement 
Jeads to the eventual formation of a fold where all 
of the distortion is focused within a narrow region 
of the surface (c in Fig. 1A). 

Although the wrinkle-o-fold transition in 
Fig. 1A takes place when the polyester sheet is 
lying on top of water, a fluid substrate is not 
necessary for the transition. Figure 1B shows a 
Similar evolution of the surface with the polyester 
adhered to a soft gel. Smooth wrinkling (ain Fig. 
1B) becomes unstable (b in Fig. 1B) and even- 
tually localizes into several folds relaxing the rest 
of the surface (c in Fig. 1B). 

A phenomenologically similar transition 
can be observed in films three orders of mag- 
nitude thinner. At an ain'water interface, gold 
nanoparticles $ nm in diameter are compressed 
to form a self-assembled trilayered film that is 
15 nm thick. With the use of light microscopy, 
cone can observe the initial periodic wrinkles 
‘with 2 ~ 10 um (a in Fig. 1C). If the compres- 
sion is stopped, the surface remains wrinkled, 
However, further confinement leads to the fo- 
cusing behavior observed in the macroscopic 
polyester film. Panel b in Fig. 1C shows the 
beginning of fold formation: The brightness of 
one wrinkle increases as its amplitude grows, 
scattering more light. Eventually the two leaf- 
lets of the sheet make self-contact, and the fold 
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11. (A) Polyester film on water, (B) polyester film on gel substrate [where K is much higher 
than in (A)], and (C) trilayer of colloidal gold nanoparticles on water [where B is much lower than 
in (A)] transitioning from an extended wrinkled state, a, to a localized folded state upon further 
compression, . Polyester films are 10 jum thick. The nanopartide layer is 15 nm thick. The macroscopic 
systems are imaged from the side. The nanoparticles, compressed in a Langmuir trough, are mi- 
croscopically imaged from above. Panel a in (C) shows a uniform wrinkled surface, with the wrinkle 
‘troughs and peaks providing the contrast in brightness. As one wrinkle grows in amplitude, it be- 
comes brighter still [bin (O)]. Upon fold completion [c in (Ol, the fold extending underneath the 
surface is several microns long and far below the focal plane of the surface so scattering is not seen. 
tt appears dark because of is thickness suppressing transmission. As a length scale for each set, one 
can use the initial wrinkle wavelength: (A), 2 ~ 1.6 cm; (B), 2 ~ 33 mm; and (O, & ~ 10 um. The 
membranes here span three orders of magnitude in thickness and inkial wrinkle wavelength. 
Furthermore, the intermolecular forces holding them together are very different: The polyesters are 
cross-linked polymers, whereas the gold nanoparticles are simply held together by van der Waals 
forces (12). 
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(appearing dark) is formed, relaxing the wrin 
Kies to either side. A movie of the process is 
available as supporting online material (SOM; 
movie S1) (20); also available is a movie show- 
ing folding in a mode! tung surfactant layer 
(movie $2). 

A thin membrane can be bent far more easily 
than stretched (/). As such, thin membranes are 
ofien described as inextensible so that their length 
is preserved upon deformation, In the above 
experiments, a membrane of length Z is com- 
pressed by a horizontal distance A, so that the 
total projected length along the horizontal 
direction is L ~ A. The lack of compression 
along the plane of the membrane leads to the 


L 
constraint L — A = {dlcos 6, where the integra- 
a 


tion and differentiation are in terms of distance 
along the curve (arc length). Figure 2A defines @ 
as the angle between the tangent to the curve and 
the horizontal; the derivative of the angle with 
respect to are length (é) gives the curvature. 
‘To understand the observed nonlinear folds, 
wwe studied the energy, U, fora thin inextensible 
clastic sheet. The energy per unit of width 
is made up of two parts: the elastic bending 
fh 


energy, Us = (B/2}{dl8°, of the film and the 


potential energy due to the displacement of the 
t 
substrate undemeath, Ux = (K/2}(dlcosey”, 


where y’ is the vertical displacement of the 
surface from the flat state, B is the bending 
stiffness of the surface, and Kis the stiffness 
of the substrate. In the case of a fluid sub- 
strate, Hertz was the first to realize that its 
‘weight could act as an effective stiffness; thus, 
for a fuid K'— pg, where p is the fluid density 
and g is the acceleration due to gravity (21). 
The shape of the film is obtained by mini- 
ization of the total energy U= Ug + Uj with a 
Lagrangian muttiplierto satisfy the inextensibilty. 
TTo study the weakly confined wrinkled state, we 
ake the linear approximation @ ~), where jis 
the derivative of the vertical displacement with 
respect to the arc length. Given a smooth si- 
rmusoidal undulation of the surface as seen in 
the experiments, the bending energy scales as 


Us = (B/2)fcdls? ~ BL(A/22) (where jis 
the seoand derivative ofthe vertical displacement 
with respect tothe are Zength, and the potential, 
energy as Uic= (K/2)|dlv ~ KLA®, where A is 
the wrinkle amplitude. A balance of these two 
sacs ys te vee abe rie 

~ IK)“ (see fig. $1 and SOM for exact 


Satie sob ‘experimental fitting). Further- 
more, the inextensibility in the linear approxi- 


mation is A ~ fdfj? ~ L(4/2)". This gives the 


* 
amplitude as 4 ~ 2,/{A/E). The wrinkles are 
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predicted to grow continuously in amplinude as 
V/A, which is in agreement with our observations. 

‘The toil energy fora wrinkled state scales as 
U~ (GK) and is distributed across the entire 
‘undulating surface. The specific energy U/L has a 
finite value for a given applied external strain AVL 
independent of the system size, Furthermore, a 
constant pressure is necessary to confine a fim 
in a wrinkled state p= gl ~ (BK) 
aU isthe derivative of the energy with respect 
to the horizontal displacement), independent of 
the amount of lateral displacement so long as 
the system size is large (20). Thus, the conciu- 
sions from the linear analysis are that once a 
wrinkled surface appears, it is the stationary 
solution. Further confinement leads to a simple 
increase in amplitude that gives rise to an in- 
crease in energy for the system. 

Whereas the above linear analysis explains 
the wrinkled stat, it does not provide insight into 
the wrinkleto-fold transition. To examine the 
transition into the strongly confined state where 
fold localization begins, we experimentally 
studied a thin polyester film on water and nu- 
merically analyzed the lowest energy solutions 
to the energy functional defined earlier. The 
insets in Fig. 3, A and C, show profiles of the 
physical and numerical sheets as compression 
is increased. N= LA and d= A? are the only 
dimensionless parameters in the problem (here, 
Nis the number of wrinkles, and d is the di- 
mensiontess lateral displacement). 4; is chosen 
asthe amplitude of the wrinkle that decays and 
‘Ao as the amplitude of the one that grows (Fig. 
2A), Both the physical and numerical systems 
show divergence of the amplinudes fom the 
square root dependence on displacement seen 
in uniform wrinkles beyond a certain confine- 
‘ment (Fig. 2B). Notably, around d= A= 03 
(le, A= 113), do begins to increase linear, and 
the buntressing wrinkle amplimde 4, begins to 
ddecay. This is the hallmark of the wrinkle-to-fold 
‘transition. 

‘The amplitude data also bring forth an emer- 
ent size independence within the folding regime. 
‘The wrinkle amplitude derived ahove depends on 
strain (A/L); however, the fold amplinude depends 
only on A. The fact that the wrinkle-to-fold tran- 
sition occurs at d= 0.3 thus gives rise to the in- 
creased scatter in the data for d < 0.3 and a 
collapse of the data onto linear curves beyond 
this eritical point (Fig. 2B). 

To avoid the finite size effect at low com- 
pression, one can look at the ratio of the two 
amplitudes, 4o/4,, that acts as an effective order 
parameter for the transition. For a uniform! 
‘wrinkled state, the order parameter should fluc- 
tuate around one. However, as confinement in- 
creases above a critical point, the onder parameter 
rust diverge. Figure 3A shows the overlay of 
physical (circles) and numerical (solid blue line) 
data forthe order parameter. When d<0.3, both 
sets lie on the line 4o/4; ~ 1. As compression is 
increased beyond this point, there isa seeming!y 
asymptotic divergence. 


‘The theoretical data in Fig. 3A represent an. 
‘upper bound to the data for the order parameter, 
‘which can be explained by considering the final 
fold shape. In the numerical analysis, up/down as 
‘well as S and anti-S folds are seen as final states 
(Fig. 3B), However, in the polyester experiments, 
S and anti-S folds eventually relax towand an 
upidown geometry upon futher compression 
(22). In Figs. 2B and 3A, the data are divided 
between membranes that formed intermediate 5 
and anti-S folds (gray symbols) and those that 
sid not (black symbols). The untwisting is driven 
by line tension at the polyester/water/air inter- 
face, not accounted for in the mumerical analysis, 
and occurs at higher values of d; thus, some 
physical data are slightly shified to the right as 
shown in Fig 3A (gray circes). 

‘The correspondence between the numerical 
and physical data attests that the essential 
physics of the phenomenon is captured in the 
simulation. Both experiments show that a 
‘wrinkled surface should be stable agains further 
confinement by a third of its wavelength (1/3), 
beyond which the surface geometry becomes 
imstable toward the new localized folded state. 
The fold eventually collapses as two nonad- 
JJacent parts of the surface make self-contact, and 


confinement approaches the initial wrinkle 
wavelength. 

We now provide a physical interpretation 
of the transition in the original unscaled var- 
fables. For a fold with amaximum curvature at 
As Up Snune the energy is localized inside a pe 
Himeter of !~ 1/bgay $0 that the bending en- 
ergy of the fold scales as Us, ~ B/ The height 
of the fold is proportional to the applied dis- 
placement A; hence, the potential energy must 
scale as Ux ~K IA”. We have not considered 
the nonlinear effect due to the factor cas in the 
potential energy. This term represents the pro- 


Jection of the fold shape along the horizontal 


direction. Writing the inextensibility constraint 
as the sum of linear and nonlinear terms, we 


% 
obtain fdl(1 — cose) = A. The potential energy 
0 e 
can sinaty be divided, Ug = (K/2)fdy 
far — cosa) ‘This yields the Sealing 


Ug ~ KIS? Ka ana~ cont) 8 KM. 


The size of the fold 1 is obtained by 
minimizing the total energy 0; (Up + Ux) = 0, 
giving /~ (BIK)’*(1/A), which is confirmed by 


A 


0s 


0.4) 


03) 


02 


on 


0.0 


02 04 


06 08 1.0 


Fig. 2. (A) The figure defines Ao and A, and the geometrical parameters describing a confined 
sheet. The deformation can be described by using a two-dimensional coordinate system. Here t and 
1m are the tangent and normal to the surface, respectively. 6 gives the position of the tangent with 
respect to the horizontal direction. (B) Experimental results for polyester on water for Ao (squares) 
and Ay (circles) Experimental data were taken for several membrane sizes, including when W = 3.5, 
4.0, 45, 5.0, 55, 6.0, 65, 7.0, 7.5, and 8.0. Dark solid lines show numerical results for a sheet 
with L = 3.52. Both the physical polyester and numerical data are made dimensionless. Ay, Ao, and 
‘A ate scaled to 2. (Inset) Ay versus horizontal displacement for several numerical systems of 
different sizes (solid blue lines). The dashed line is the theoretical curve A = [(V2)/nlkv(di3.5) (20) 
that follows the numerical curve for N = 3.5 and d << 1. In both numerical and physical cases, the 
data are more scattered for d < 0.3 and then collapse onto more compact (perfectly so in nu- 
merical case) curves past this point. This behavior is indicative of the size-dependent behavior 
‘the wrinkling (d < 0.3) regime and size-independent behavior in the folding (d > 0.3) regime. 
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our numerical analysis. Thus, the total energy for 
the folded state in tems of only material con 
stants and displacement is U ~(BK)’2A ~ KA* 

One way to check this energy is to calculate 
the pressure needed to confine a sheet. From our 
sealing law, p = 0,U ~ (BK)? — KA®. In d- 
‘mensionless form, the pressure can be written as 
pIBK)? ~ a~ bd, where ais obtained from the 
linear analysis [a ~ 2, see derivation in (20)] and 
6 from fitting the mumeries (62.47) (solid curve 
in Fig, 3C), 

The energies of the wrinkled state and folded 
state differ only in a tenn of higher order that is 
related to the geometry of the localized fold. This 
tenn lowers the total energy, which explains why 
a localized fold is observed for high values of 
confinement instead of a stationary wrinkled state 
that extends throughout the surface. Rewriting 
the scaling in terms of d, the wrinkle and fold 
energies are within 10% of each other around d= 
0.3. As such, the energy-scaling arguments are in 
quantitative agreement with the experiments. The 
fold energy becomes more stable when the sheet 
is compressed beyond a third of the initial wrin 
‘Kle wavelength, at which point energy begins to 
be localized within a narrow part of the surface 
proportional to (23), 

This focusing effect and the wrinkle-to-fold 
‘transition should generally occur when the thin 
‘membrane and substrate foundation are consid- 
erably mismatched in their elastic properties. In 


A 


the case of a fluid substrate where the fuid has no 
static elasticity, the transition occurs as described. 
Inthe case of soft gels (such as the system in Fig 
1B) where the ratio of the Young's moduli of the 
membrane (Eq) and substrate (E,) is ~1000, 
localization stil occurs (c in Fig. 1B) yet is 
distributed into several folds. Work on very stiff 
substrates (Eq/E, < 100) has shown the persist- 
‘ence of wrinkles at large confinement with no 
stress focusing (24). We believe the relaxation of 
‘wrinkles into multiple folds is Enked to the 
‘underiying ability of the substrate to stretch and 
‘shear. We predict that in the range 1000 > Eq/E,> 
100, the number of wrinkles relaxing into one fold 
should decrease, giving rise to a larger number of 
folds with smaller amplinides. As the lower limit 
is reached, surface focusing is suppressed, and the 
‘excess membrane length due to compression is 
accommodated in wrinkles of longer wavelengths 
cand larger amplitudes (24). 

‘Many physical examples exist where the 
‘mismatch in membrane and substrate clasicity 
js lange. A long-standing problem in supported 
membranes has been understanding the focused 
‘and large-amplitude folds seen in lipid mono- 
layers. More than 50 years ago, Ries and Kimball 
showed that such monolayers at air/water inter 
faces develop large-amplitude folds at localized 
sites on the surface (25). Since then, folding has 
‘been reported in several other ipid (10, 26) and. 
‘nanoparticle lms (12), yet existing theories rely- 


REPORTS Q 


ing on defects (8, 15, 17, 18) fail to account for 
the universality of how these ultrathin membranes 
transition from fat structures only nanometers in 
thickness to folds onders of magnitude larger. We 
conjecture that the large-amplitude folds in self- 
assembled layers like lipids and gold nanoparticles 
initiate via the mechanism explored here. Gener- 
ally, selfassembled films at aivliquid interfaces 
should become unstable to wrinkling and folding 
when they become solidlike and capable of 
supporting lateral compression (27). 

Our mode! also provides an elegant mecha- 
nism that accounts for fold size and directionality 
by simply invoking the film's elastic character 
and confinement to the interface. The bending 
stiiness of a lipid monolayer is O(10 kT) (4), 
which would give it a wrinkle wavelength of 
‘O(1 um) using K'= pg. Wrinkles have been dif 
ficult to detect in lipids because of their poor scat 
tering of light; however, dffise x-ray scattering 
has shown wrinkle signatures with wavelengths 
of O(1 um) (4, 26). If the monolayer transforms 
as an elastic sheet, then we expect folds of the 
same order as the wavelength appearing perpen- 
dicular to the direction of compression; in par 
ticular, our scaling shows 1~227/A, yet as the fold 
makes seif'contact A ~ A, 80 1 ~ 2. The most 
detailed study of monolayer folding where thou- 
sands of folding events were analyzed showed 
that the most probable folds in a model ung sur- 
factant system were 2 jim in size and oriented 
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Fig. 3. (A) Experimental results for the order parameter AolAx (circles). The 
solid line is the master curve derived from numerics. The master curve only 
uses systems where WV is a fractional number. (Inset) Experimental profiles of 
the sheet as confinement is increased. (B) Different possible localized folds for 
d= 0.5 (center) and d = 0.9 (right). N gives the starting wrinkled state from 
which the fold was obtained. N = 6.0 and W = 7.0 produce S and anti-S 
shapes, respectively. N = 6.5 produces a fold pointing upwards instead. 
Generally, the same final shapes are observed for any other system that has 
the equivalent size 5.5 < NW — 1 < 7.5, with m being an even number. The two 
images at the left show the initiation of 5 (top) and anti-S (bottom) folds in 
the polyester and comparing it to a similar d value numerical state. The 
‘numerical membrane in each case will continue to form the S and anti-S folds 
reaching the state seen at the right. However, the physical membrane will 
eventually untwist to a down fold in both cases (22). (C) Dimensionless cross- 
sectional pressure versus horizontal displacement for N = 5.5. Here, the 
dimensionless pressure was obtained from the numerical analysis (solid line) 
and compared to our theoretical prediction (empty circles). (Insets) Profiles of the sheet for each value of the horizontal displacement with the 
‘maximum amplitude normalized to 1. 
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directly perpendicular to the axis of compression 
(28), This isin agreement with our prediction. In 
the gold nanoparticle layers shown in Fig. 1C, 
wrinkles are mote easily seen because of the 
strong scattering of the metal cores. As the image 
shows, the length scale over wich the fold forms 
(Dis set by the initial wrinkle wavelength Q). 

Understanding compaction of nanometer thin 
‘membranes through controllable and reversible 
‘modes like wrinkling and folding opens the door 
to technological use of these systems (29). In 
medicine, developing synthetic lung surfactant 
formulations depends on our capability to re- 
produce the incredible ability of native lung 
surfactant to compact by folding (9). Likewise, 
nanoparticle thin film applications rely on un- 
derstanding the mechanical properties and re- 
sponses of such layers (2, 13, 29). From wrinkle 
wavelengths, constants like the bending modulus 
ccan be found (5, 6, 30), whereas controlling the 
wwrinkle-to-fold transition can help the develop- 
‘ment of adaptive functions in new technologies 
like flexible electronics (29, 37). 
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Metasomatized Lithosphere 
and the Origin of Alkaline Lavas 


‘Sébastien Pilet,* Michael 


Baker, Edward M. Stolper 


Recycled oceanic crust, with or without sediment, is often invoked asa source component of continental and 
‘oceanic alkaline magmas to account for their trace-element and isotopic characteristics. Alternatively, 
‘these features have been attributed to sources containing veined, metasomatized lithosphere. In melting 
‘experiments on natural amphibolerich veins at 1.5 gigapascals, we found that partial melts of metasomatic 
veins can reproduce key major- and trace-element features of oceanic and continental alkaline magmas. 
Moreover, experiments with homblendite plus therzolite showed that reaction of melts of amphibole-rich 
‘veins with surrounding therzlite can explain observed compositional trends from nephelinites to alkali 
olivine basalts. We conclude that melting of metasomatized lithosphere isa viable alternative to models of 
alkaline basalt formation by melting of recycled oceanic crust with or without sediment. 


yace-clement and isotopic characteristics 
of alkaline (ie, nepheline (ne}-normative}] 
basalts from ocean istands and continents 
‘suggest the presence of enriched components in 
their mantle sources (7). These components are 
often interpreted as derived fom recycled oceanic 
‘crust with or without sediment (J). An altemative 
js that the enriched components are recycled, 
metasomatized lithospheric mantle (2-6). Al- 
though both hypotheses are compatible with 
trace-clement and isotopic characteristics of oce- 
‘anic and continental alkaline magmas, they must 
also be capable of accounting for the distinctive 
‘major- and minor-element characteristics of alka- 
line basais (Fig. 1). 
‘Although basic to ultrabasic ne-normative 
liquids can be produced by low-degree meiting 


of gamet therzolite, no high-pressure melting 
experiments on “dry” peridotite have produced 
‘melt compositions that are plausible parents of 
alkaline ocean island basalts (OIBs) (7-10). Ad- 
dition of CO; to peridotite substantially modi- 
fies liquid compositions: Near-solidus melts are 
carbonatitic (JJ, 12), but with increasing temper- 
ature, low-degree meits are silica-poor and Ca0- 
and COztich (11). Such findings suggest that 
nne-nommative magmas similar to natural alkaline 
basalts could be produced by low-degree meit- 
ing @ to 5%) of primitive mantle sources 
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containing 0.1 t0 0.25 weight percent (wt %) 
CO, (11). However, primitive mantle is too poor 
in TiO, to produce in this way melts with the 
high TiO, contents of alkaline basalts (23), this 
is consistent with the premise of both of the 
above hrypotheses that components in addition 
to normal mantle peridotite are required in the 
sources of these magmas, 

‘The melting of recycled oceanic crust has 
been investigated experimentally, and high- 
pressure partial melts of quartz and coesite ex- 


logites (approximating average oceanic crust at 
high pressures) are hypersthene (hy}-normative, 
‘not ne-nonmative (ie, they are slica-oversanurated 
rather than alkaline) (/4, 25) and thus cannot 
produce alkaline magmas directly. A possible res- 
‘olution is that slica-oversaturted oceanic crust 
transforms to silica-deficient gamet pyroxenite 
by the extraction of siica-ich fluids or melts dur- 
ing subduction (16, 17) High-pressure meting ex- 
‘periments on silica deficient gamet-cinopyraenite 
‘compositions, either dry (16, 17) or with COz 


Nephetnte Basante Akal ol Tholeite 
2°, 
é 


‘3, (st) 


:L. Major axdes (A to G) and K,0)NVa,0 (H) versus SiO (volatile free) for homblendite, dinopyroxene- 
homblendite, sandwich experiments (homblendite + peridotite), and silica-deficent gamet-pyroxenite 
‘melts (4CO,) compared to continental and oceanic intraplate basalts and mid-ocean ridge basalt 
(MORE) compositions. The Macdonald-Katsura line [dashed line in (A)] separates alkaline from tholeitic 
basalts. Positions of the terms nephelinite, basanite, alkali olivine (oL) basalt, and tholeite along the 
top of (A) and (B) denote the approximate silica values of each rock type. Solid gray circles, O1Bs; solid 
black circles, continental intraplate basalts; open black circles, MORBS [all rock compositions are from 
GEOROC and PetDB databases (36) and have 8 to 15 wt % MgO]. Solid red and green diamonds, glass 
compositions from 1.5-GPa experiments on AG4 and AG7, respectively (the open diamonds are the 
starting compositions). Solid and open orange diamonds, glass compositions from 1.5-GPa sandwich 
experiments where orthopyroxene is present or absent, respectively, in the peridottic layers. Solid dark 
and light blue triangles, glass compositions from 2- to 5-GPa experiments on silka-defiient gamet 
pyroxenites, dry (26, 17) and in the presence of 5 we % CO> (28), respectively (the open triangles are 
the starting compositions). The orange arrow in each panel connects the AG4 melt compositions to the 
compositions of glasses produced at same temperature (1300°C) in the sandwich experiments (AGA + 
peridotite) and illustrates how mett compositions change withthe assimilation of orthopyroxene (+ spineD 
from the peridotite layers. 


wwwsciencemag.og SCIENCE VOL 320 


16 MAY 2008 


REPORTS L 


(28), have indeed produced ne-normative liquids 
close in some respects to the compositions of 
alkaline basalts (Fig. 1). However, liquids from 
such experiments do not reproduce the KO con- 
tents of alkaline basalts (Fig. 1G), and the ex- 
pected trie-clement compositions of these liquids, 
although not addressed in these experimental 
studies, ae dependent on the processes assumed 
for the origin of the silicadeficient pyroxenite 
sources and are consequently poorly constrained. 

“Hydrous minerals and enrichments in incom- 
patible elements in mantle xenoliths demonstrate 
that metasomatism occurs in lithospheric mantle 
(9), Here, we present results of melting experi- 
‘ments on natural homblendite and clinopyroxene 
(€px) homblendite to investigate whether meit- 
{ing of metasomatic hydrous veins could produce 
Tiquids consistent with the major- and trace 
element compositions of alkaline magmas. 

We selected homblendite (AG) and cpx 
hombiendite (AG7) starting materials from the 
(amphi) typical of those in hydrous veins from the 
jcceanic and continental lithosphere (Fig. 2). We 
conducted piston-cylinder experiments on. these 
‘compositions at 1.S GPa (corresponding to a depth 
of ~45 km, ic., within the lithospheric mantle) 
and 1150° to 1400°C for 24 to 64 hours (20), 

Glass compositions from experiments on 
both vein compositions were strongly alkaline 
(normative ne + leucite > 18 wt % for AG4 and 
> M1 wt % for AGT), and all had <44.1 wt % 
‘SiO, (Fig. 1A). Glasses from experiments at 
1250 to 1300°C for both compositions 
lapped the compositional fields of nephelinites 
and basanites from ocean islands and continen- 
tal setings for most elements (Fig. | and fig. SI) 
Compositional similarities between initial par- 
tial melts of AG4 and AG7 reflected incongn 
ent melting of amphibole in both lithologies 
[amph — ~0.6 melt + 0.3 epx + minor olivine 
(1) + spine! (sp)] at ~1150°C, the solidus for 
both compositions; that is, the composition of 
the subsolidus amph rather than the abundance 


12 amp) 


a a 


7% 
Mot amon 

Fig. 2. TiO; (wt %) versus Mgt [100 mg/g + Fe), 
‘molar] for amphiboles from AG4 and AG7 (the 
starting materials used in this study; red and 
Green diamonds, respectively) compared to am- 
phiboles from oceanic and continental. litho- 
spheric veins (black circles), amphibole xenocrysts 
from continental basanites (open triangles), and 
amphiboles from metasomatized peridotite (gray 
diamonds) (20). 
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of epx in the starting material was the major con- 
‘ol on the solidus temperature and the compo- 
sition of the inital melt. However, the liquidus 
‘temperatures of the two compositions were dif- 
ferent: AG7 (with 45 wt % cpx) had a higher 
liquidus temperature than AG4 (with no observed 
px), ~1385°C versus ~1315°C. 

‘The trace-element patterns of AGS and AG7 
experimental glasses were similar to those of the 
starting materials (Fig. 3A) but were progres- 
sively enriched relative to them with decreasing 
‘melt fraction and were somewhat enriched in 
‘more-incompatible relative to less-incompatibie 
elements. The pattems of the starting materials 
and their partial meits were also generally sim- 
ilar to those of alkaline lavas, including features 
such as positive Nb and negative Pb anomalies 
(D) and elevated La/Yb ratios. In summary, the 


trace-clement compositions to those of oceanic 
and continental nephetinites and basanites 

‘The compositional continuum from nephe- 
linites to alkali olivine basalts shown in Fig. 1 is 
observed in many alkaline suites (21, 22). The 
trace-element pattems are generally similar for 
the various basic magmas from a single province, 


3. Primitive man- 
tle (@2)-normalized trace- A 
element abundances 
for (A) hornblendite 
and_ clinopyroxene 
homblendite melts, (B) 
‘melts produced in the 
homblendite (AGA) + 
peridotite sandwich ex: 
periments (results from 
‘the 1250° and 1300°C 
AGA metting experiments 
are shown for compar 
son), and (C and D) bas- 
anites (S102 < 45 wt %) 
to alkali olivine basalts 
(SiO, > 45 wt %) from 
the island of Tubuai 
(Polynesia islands) (22) 
and the Cantal massif 
(France) (6). The gray 
band in (®), (0, and (0) 
shows the range (defined 
a5 £16 of the average of 


‘Sample /P.M, 


Sample / P.M. 


but with overall trace-clement concentrations de- 
creasing with decreasing alkalnity (Le, as mag- 
‘mas become less ne-normative) (Fig. 3, C and 
D). This decrease in trace element concentrations 
‘has been used to suggest that the continuum from 
nephelinite to alkali olivine basalt reflects an in- 
‘crease in the degree of partial melting of a com- 
mon source (2/, 22); however, this contimium 
‘could also be explained by mixing of alkaline and 
tholeitc liquids or reaction between nephelinitic 
‘orbasanitic quid and surrounding peridotite (23). 

‘To test this later hypothesis, we performed 
sandwich experiments in which a layer of AG4 
homblendite was packed between layers of 
moderately depicted peridotite (DMMI) (24) 
at 1.5 GPa and 1225? to 1325°C. The sandwich 
‘experiments yielded reactions between partial 
melts ofthe homblendite (Le, nephelintic mets) 
and peridotite, even though temperatures were 
‘below the estimated anhydrous DMMI solidus 
[-1330°C (24, 25)]. Glasses from these exper- 
iments (Fig. 1) had SiO2 contents 5 to 6 wt % 
higher than glasses from AG4 experiments 
at similar conditions (and therefore had lower 
nomnative nepheline; ie. from ~4.5 wt 
ne to ~2.0 wt % hy); somewhat lower TiO, 
FeO*, CaO, Na;O, K,O, and H,0 contents, 


Homblendine AGE: 
G4 Whole rock = WC 
= vere 

= 150°C 

CPX hornbioncts AGT: 
* 250°C 

= s300°¢ 
= 1380°C 


195 analyses) of trace- 
‘element contents in lowe 


and higher Al;Os and MgO contents, Glasses 
from the sandwich experiments were general 
ly similar to oceanic and continental alkaline 
basalts with 44 t0 47 wt % silica (Fig. 1), and 
trends extending from the glasses from the 
homblendite-only experiments to those from 
the sandwich experiments (red amows in Fig. 1) 
paralleled the well-defined natural trends from 
nephelinites and basanites to alkali olivine 
basalts, The trace-element pattems of the sand- 
‘wich experiments were parallel to, but ~25% 
lower than, those in glasses from AG4 exper- 
{iments at the same temperature (Fig. 3B). These 
results suggest that major- and trace-clement 
trends from nephelinites and basanites to alkali 
olivine basalts and tholelites could be explained 
by interaction between hydrous nephelinitic melt 
and spine! peridotite dominated by reaction be- 
tween the low-silica melt and orthopyroxene, 
generating a higher-silica melt plus olivine. 

‘Two scenarios have been proposed for the 
‘production of alkaline magmas by melting of 
‘metasomatized lithosphere: (2) Shortly after or 
coincident with metasomatism, the lithosphere 
experiences a themnal perturbation or decompres- 
sion and thereby meits in situ without recycling 
through the deeper mantle (3, 5, 19, 26); or 
(@ the metasomatized lithosphere is recycled 
{nto the convecting mantle by subduction or 
delamination and melts during later upwelling 
(cg, in a plume) (2-6). The presence in conti 
nental alkaline magmas (27) of amphibole xeno- 
cexysts compositionally similar to amphiboles in 
metasomatic veins (Fig. 2 and fig. $2) and in 
metasomatized peridotite xenoliths (19) is con- 
sistent with the in situ hypothesis; that is, these 
xenocrysts and xenoliths could come from veins 
and associated cryptically metasomatized litho- 
sphere formed during an earlier stage of volcanic 
activity that subsequently melted to produce 
the host alkaline magmas (19, 26). The time be- 
tween metasomatism of the lithosphere and 
the formation of the alkaline magmas cannot 
exceed the age of the lithosphere; however, long 
times are required to explain the range of iso- 
topic ratios observed in some OIBs (e-., from 
Tahaa, Rarotonga, Tubuai, ete., in Polynesia) 
G, 6). The recyeling scenario (2-6) could ac- 
count for these long time scales: Such recycling 
could isolate metasomatic veins for times suf- 
ficient (I billion to 2 billion years) for ingrowth 
of extreme isotopic ratios such as those ob- 
served in the OIBs from Polynesia (6). 

Note that the details of melting of recycled 
‘metasomatic veins are likely to differ from those 
of our experiments; because amphibotes in ltho- 


spheric veins are not stable above 2.5 t0 3 GPa 
(100 kkm depth), deep recycling of these veins 
hibole breakdown, and this 


silica O16 lavas (40 to D a 
44 vt SiO.) with 8 to 499 | = 
15 NO Lane bose ree 
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subsequent melting of the veins during upwell- 
ing would involve dehydrated equivalents of the 
hydrous compositions we have studied. Experi- 
‘ments on dehydrated AG4 at 1.5 GPa (20) (table 
SSI) show that glass compositions are still strong 
Jy ne-nomnative [consistent with experiments on 
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silica-poor gamet pyroxenites (16, 17)] and sim- 
ilar to those produced in the experiments on the 
hydrated AG4 composition, which suggests that 
even deeply recycled metasomatized lithosphere 
could prochice nephelinitic and basanitic magmas. 

Although our data are consistent with the 
hypothesis that alkaline magmas are produced 
by melting of metasomatic veins, they do not 
provide constraints on vein formation mecha- 
nisms. The most widely cited mechanism is 
that these veins crystallize from low-degree 
melts of H30- and CO>-bearing gamet perid- 
otite (4, 5, 28, 29), but individual veins are not 
thought to be representative of these low-degree 
melts (fg. 3). Instead, veins are explained as 
concentrations of phases crystallized from such 
‘melts as they cooled on ascent through the lith- 
osphere, generating a continuum from anhy- 
drous to hydrous assemblages (plus cryptically 
‘metasomatized adjacent peridotite) (28, 29), and 
it is these fractionated curmulate assemblages 
that are the hypothesized sources of neph- 
elinitic and basanitic magmas. Partial melts of 
amphibole bearing veins formed as curmulates 
from low-degree mantle melts would have fea- 
tures characteristic of the trace-element pat- 
tems of alkaline lavas (20). For example, the 
positive Nb/La and Ce/Pb ratios observed in 
metasomatic veins (Fig. 3A and fig. $4) and 
in basic alkaline magmas (J) would not be in- 
terpreted as a characteristic of the mantle sources 
of the metasomatic liquid but would instead re- 
fiect amphibole-liquid distribution coefficients 
[DEE > DEP and DEP > DEENA 
G0, 31). On the other hand, some composi- 
tional characteristics of the metasomatic veins 
‘would be inherited directly from the low-degree 
melts of gamet peridotite fom which they 
cxystallize—for example, the high La/Yb ratios 
observed in whole-vein compositions (Fig. 3A) 
and in amphibole separates (fg. S4). 

‘An important element of any model for the 
petrogenesis of alkaline basalts that invokes the 
melting of lithospheric lithologies (e.g., ocean: 
crust, with or without sediment or metasomatic 
veins) during upwelling is that the solidi of 
these lithologies must be lower than that of the 
enclosing peridotite. This point is satisfied by 
amphibole bearing veins (or their dehydrated 
equivalents) and by oceanic crust [as eclogite 
(15) or after transformation into silica-deficient 
zgamet pyroxenite (16, 17)], However, an aspect 
of decompression melting of a multlthoiogic 
‘mantle iS that the various lithologies each in- 
fluence the other’s melting behavior, such that 
knowledge of the meiting behaviors of the in- 
dividual lithologies is not necessarily a guide to 
their behavior when they ascend together in 
parce! of upwelling mantle (32, 33). For exam- 
ple, suppose low-solidus vein material embed- 
ded in highsolidus peridotite begins to meit 
during adiabatic decompression but maintains 
thermal equilibrium with the adjacent, unmeited 
peridotite. In such a case, the degree of melting 
of the veins will be enhanced relative to the 
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‘amount of melting that the same vein material 
‘would undergo if it were not embedded in the 
pperidotite; meanwhile, the required latent heat 
essentially refrigerates the enclosing peridotite, 
and thus it will melt at lower pressure and to 
lower degrees than if the veins were not present 
(33). Thus, it can be anticipated that low-solidus 
‘vein material in upwelling mantle would meit 
‘more, relative to expectations based on its inital 
potential temperature, and that the peridotite 
‘would meit less (32, 33). Therefore, recycled 
lithologies characterized by low solidus temper- 
‘atures that are embedded in peridotite will likely 
‘melt to moderate to high degrees (especially if 
the enclosing peridotite also exceeds its solidus 
at some point during the ascent). However, 
subducted oceanic crust would have to melt 10 
low extent (<1%) in onder to explain the high 
trace-clement contents of alkaline OIBs (34); 
such low degrees of melting seem inconsistent 
‘with the analysis above, and thus it is difficult to 
‘envision oceanic crust [or silica-deficient pyrox- 
ceite residual to extraction of fluids or mets from 
ssubxiucted oceanic crust (16, 17)] as major trace 
celement-bearing components of the sources of 
alkaline basalts. In sum, the consequences of 
muitlithologic decompression melting are con- 
sistent with our experimental results, which 
suggest that high degrees of melting of meta- 
‘somatic veins best explain the major- and trace- 
‘clement contents of alkaline basaits. 

(Our results imply that the enriched compo- 
‘ent in alkaline basalts should not necessarily be 
‘equated with recycled oceanic crust and suggest 
that recycled components in the sources of is- 
lands characterized by tholeiitic magmas (e., 
“Hawaii or Iceland) interpreted as recycled oceanic 
‘crust (35) are distinct from those in the sources 
of islands where ne-normative compositions are 
dominant (.¢., Polynesia, islands in the Atlantic 
‘Ocean, et). They also suggest that alkaline mag- 
‘mas are produced by high degrees of melting of 
‘a volumetrically minor mantle component rather 
than low degrees of meiting of the dominant 
peridotite component. If so, these alkaline rocks 
ddo not carry as much information about the ma- 
Jjor components of the convecting mantle as is 
‘often presumed. Finally, the ranges in isotopic 
ratios observed in alkaline lavas from a single 
‘oceanic island do not necessarily imply the i 
teraction between distinct mantle components 
such as high w (a = ""U?'Pb), enriched man- 
tle, and depleted MORB mantle (J). Instead, 
they could reflect in part the time-integrated 
history of a suite of veins with variable trace- 
element ratios (€g., Nb/Th, Ba/Nb, and CePb; 
including ratios that control the evolution of 
critical isotopic systems such as U/Pb, Rb/Sr, 
and Smid) (6) resulting from percolative frac~ 
tional crystallization of metasomatic agents in 
the lithosphere (6, 28). 
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Localization in N, 
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Although valence electrons are clearly delocalized in molecular bonding frameworks, chemists 


and physicists have long debated the question of whether the core vacancy created 


homonuclear diatomic molecule by absorption of a single x-ray photon is localized on one atom or 
delocalized over both. We have been able to clarify this question with an experiment that uses 
Auger electron angular emission patterns from molecular nitrogen after inner-shell ionization as an 
ultrafast probe of hole localization. The experiment, along with the accompanying theory, shows 
that observation of symmetry breaking (localization) or preservation (delocalization) depends on 
how the quantum entangled Bell state created by Auger decay is detected by the measurement, 


alence electrons in molecules owe their 
binding force to ther delocalization over 
two or more sites. By contrast, the orbital 
density of inner-shell electrons is eonfined near 
individual nuctei. The overlap ofthese wave finc- 
tions from neighboring atoms is almost negligible 
(D, Stl, the electronic structure of molecules with 
equivalent sites is generally calculated using 
symmetry adapted delocalized wave functions 
for inner-as well as outer shell electrons. In Nz, 
for example, the spatial distributions of the in- 
nemmost electrons are usually described by 16, 
and 16, molecular orbitals, which are both de- 
localized over the two nuclei. For fill shells, the 
quantum mechanical indistinguishability of the 
electrons renders the question of localization or 
localization meaningless. For a single hole 
created in an inner shell, however, the question is 
relevant. 

‘Bagus and Schafer (2), following a proposal 
of Snyder (3), found that allowing for a local- 
ization of the hole in a Hartree-Fock-type cal- 
culation lowers the total energy of the O2 (1s) 
fon, yielding better agreement with experiment. 
However, it is now known that with more ac: 
ccurate approaches than Hartree Fock, itis always 
possible to obtain accurate energies without the 
assumption of localized orbitals (4). Thus, the 
question of whether a localized hole is formed by 
photoionization of the K shell i left unanswered 
bby quantum chemistry (5-7). Experimentally, the 
question is similarly controversial (8). 

For K-shell ionization, the latest studies using 
high-resolution electron spectroscopy seem to 
support the picture of a delocalized hole. These 
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‘experiments resolved the energy splitting be 
tween the gerade (g) and ungerade (u) states of 
the hole (9-11), which was found to be 100 meV 


Fig. 1. Utrafast probing A 
of core hole localization 
by coincident detection of 
4 photoelectron and an 
‘Auger electron. (A and B) 
Scenario forthe case of a 
K hole localized at one 
atom. (8) Photoelectron is 
emitted from the right 
atom. The red fine in the 
diagram shows the cal- 
culated angular distibu- 
tion for this photoelectron 
at 9 ey; the light is ci- 
‘alarly polarized, propa- 
‘ating into the plane of 
the figure. The orientation 
of the molecule & indi- 
‘ated by the barbell. In 
a standard experiment, 
where the Auger elec- 
tron is not detected, one 
‘would measurethe dotted 
black angular distribution, 
which i the sum of the 
‘electron emission pattern 
from the left and right 
atoms. (6) With atime de 
layof ~7 5, the core hole 
decays by emission of an 
‘Auger electron (blue). The 
blue line in the diagram 
shows the calculated an- 
ular distribution of the 
‘Auger eledron for assumed 
localization ofthe hole at 
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© continuum aD 
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for Nz. Eham ef al. (11) were able to track the 
photon energy dependence and even the photo- 
clectron angular dependence for the g and u hole 
states separately, yielding very good agreement 
‘with a theory built on symmetry-adapted wave 
functions (ic, a delocalized hole). In contrast, 
recent core hole photoelectron-photoion cainci= 
dence experiments on acetylene (HCCH) support 
the opposite view (12), The photoelectron angular 
<Gstributions associated with nonsymmetic frag- 
‘mentation show evidence ofa localized core hole 

‘A puzzling question throughout this discus- 
sion is what physical process could possibly be 
responsible for the apparent break in the inver- 
son symmetry of the system, leading to local- 
ization of the electron in the molecule, For 
molecules such as HCCH with equivalent sites, 
asymmetic vibrational modes are excited. The i 
‘rational excitation breaks the original symmetry 
of the molecule and allows a localization of the 
hole [see, eg, (13-15)], For homomiclear di- 
stomics, however, mo such asymmetric modes 
cexistand the oniy remaining means of labeling lft 


© molecular states. delocalized 


energy (net to scale) © continuum 
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energy (notto scale) continuum 


the right atom. (Cand D) Scenario for the case ofa delocalized core hole inthe 1.4) molecular orbital. () The 
red line shows a RPA calculation of the photoelectron angular distribution, with electron energy of 9 e, ejected 
from the 16 shell by circularly polarized light. (0) Calculated angular distribution of Auger electron from decay 
(Of delocalized 1c, hole state. Detecting photoelectrons and Auger electrons in coincidence in the localized 
scenario reveals broken symmetry, whereas inversion symmetry i preserved in a coincidence experiment for 


the delocalized scenario. 


16 MAY 2008 VOL 320 SCIENCE www.sciencemag.org 


and right sides is by the charge states of the ions 
created by fragmentation. For Hp ionization fol- 
lowed by asymmetric dissociation to a neutral H 
atom and a proton, we have recentiy shown that 
‘the symmetry of the photoelectron can be broken 
if intermediate doubly excited states are involved 
(26), The case discussed here is rmuch more fun- 
damental because even the fon charge states are 
symmetric. The Nz ultimately fragments into two 
indistinguishable N° jons, both in their electronic 
ground state. Does this mean that the symmetry 
‘ust be conserved? 

We used a distinct approach to address this 
question. A core-ionized molecule is not stable. 
‘The core hole decays, in many cases by emission 
ofan Auger electron. In the Auger decay, an elec- 
‘on from an outer shel! fills the core hole while a 
second outer shell electron i emitted, carrying the 
excess energy. This decay can be thought of as 2 
measurement: The photoabsorption is a pump 
step, and the Auger decay acts as an ultrafast 
probe step delayed by the lifetime of the hole 
(7 $8), The Auger electron carries information 
about the hole that was filled. In our coincidence 
experiment we read out this information. 

‘The experimental idea is sketched in Fig. 1 
together with our calculated distributions (see 
below), assuming either a localized hole (Fig. 1, 
A and B) or one of the two possible delocalized 
core holes (Fig, 1, C and D). Clearly, the Auger 
and photoelectron angular distributions in the 
body-fixed frame of the molecule are different 
in the two cases. However, if (as in all previous 
experiments) the two electrons are not detected 
{n coincidence, then, even with the localized as- 
sumption, emission from the left and right atoms 
‘would be equally probable, and the experiment 
would yield a distribution characterized by the 
{inversion symmetry shown by the black dashed 
line in Fig. 1A (the sum of the red curve and its 
{inverse image). An identical result would be ob- 


Photoemission: hy + No— >No" (15) + Gare 


Decay: N24 Cpager 
Dissociation: NteNt 
Scheme 1. 


tained by summing the delocalized 1o, (Fig. 1, 
and D) and 16, core hole contributions. By 
tracking both electrons, however, the localized 
‘case might be expected to show an asymmetric 
pattem for the photoclectron, if the Auger 
‘electron is detected (for example) on the left. In 
‘contrast, withthe delocalized assumption (Fig. 1, 
€ and D), all coincident electron distributions 
‘will always show inversion symmetry. In reality, 
both siations are realized, depending on the 
angles of the photoelectron and Auger electron 
‘emissions. This is possible because of the quan- 
tum nature of the two entangled electrons, which 
form a Bell state. 

The photoinduced process can be described 
‘more completely asa three-step mode! Scheme 1) 
First, the absorption of a photon ejects a photo- 
clecton from the K shell of No, creating aole in 
the Is shell N2“(Is*). We directly measure the 
trajectory of this electron with respect to the mo- 
lecular axis in our experiment. The energy of the 
photoelectron (9 eVin this case) is determined by 
the excess photon energy. Second, the N>(Is*) 
decays to Nz by emission of a fast Auger 
electron (around 370 eV), which is also measured 
in coincidence. Finally, the Nz** dissociates into 
two N” ions with a kinetic energy release (KER) 
inthe region of 4 to 20 eV. The question of core 
hole localization concems the character of a 
short-lived transient state of Nz"(1s~). 

arity describes the behavior of a system's 
‘wave function under inversion through the center 
of the molecule. If the system is in a quantum 
state of well-defined gerade or ungerade parity, 
all observables are fully symmettic under inver- 
sion, because they are obtained from the squared 
modulus of the wave function. A hole localized 
‘on one of the Nz atoms implies that the wave 
funetion is not a pure symmetry eigenstate but 
rather a coherent superposition of gerade and 
ungerade states. 

‘The process we measure begins with the Nz 
molecule in its ground state, which has *E, sym. 
metry. Afier absorption of the photon, simple 
selection rules dictate that the system consisting 
‘of Ny" and the photoelectron must have (E or TT) 
ungerade symmetry. After the Auger decay, the 
new system consisting of N;, the photo- 
electron, and the Auger electron must also have 
‘ungerade symmetry, because Auger decay cannot 
change the overall parity of the system. Auger 
decay can, however, populate states of Nz" of 
‘any symmetry or parity. In our data reduction, we 


2. Photoelectron angular dis- 
tribution in the molecular frame for 
circularly polarized light. The pho- 
‘ton propagation direction is into 


‘the plane of the figure. The orienta- 
‘tom of the molecular axis is indicated 
by the barbells. The photoelectron 


energy is 9 eV. (A) No K:shell ioniza~ 


‘ton integrated over all Auger electron angles. (B) Subset of data in (A) where the Auger electron is emitted at 
80° to the molecular axis, as indicated by the arrow. (C) Distribution of photoelectrons emitted from the 


carbon K shell of CO (black end of the barbell). 


wwnusciencemag.org SCIENCE VOL 320 


REPORTS t 


select the decay to the "3 (Im), "A,(1m2), 
and 1, (1x,).20,2) state$ of Ny? foF further 
analysis [sce (77) for the assignment of stats]. 
Al these states have gerade parity, but the total 
system must have ungerade parity, as explained 
above. Consequently, the photoelectron and 
‘Auger electron must have opposite parity to each 
other, one gerade and the other ungerade. 

To analyze our findings theoretically, we 
exploit a two-step model in which we deseribe 
the steps of photoionization and subsequent 
Auger dey the prc of apa 

ld) describing the former, and of a 
Ne lll bmi ar wg) de 
scribing the later The subseript frefeto the 
final state of Nz°*. We choose gerade and 
ungerade molecular states Y,for the interme 
diate, core ionized singly chafged ion, and co 
hherenly sum the amplitudes comesponding to 
these intermediate core hole states before com 
puting the probabilities for producing the various 
NZ final states. 

Using a completely coherent superposition of 
two pathways to the final state via the 10, and 
1; intermediate states would be correct only if 
the two states were energetically degenerate or if 
the pathways could not be distinguished by the 
nergy ofthe photoelectron. The cae glu energy 
splitng of 100 meV in Nz 9, 1) 's comparable 
1 the ma wits of the 755 (1!) and 
1G) states, which are lifetime limit 
ee oa eect ee 
principle and their amplitudes must be added 
coherently. With this assumption, the cross see- 
tion for coincident detection of a photoelectron 
into the solid-angle element dq, and an Auger 
electron into dO, is given by 

do 
Td, 

Soles we reg Nor ve ae) + 


(up wir va, ai) 


a 


It is only the interference term between the 1a 
and 1, amplitudes in Eq. 1 (the product of the 
terms being added in the coherent sum) that ean 
break the symmetry of the system, asthe individ- 
vial cross sections are symmetric under inversion, 

To simulate the photoionization process and. 
the photoelectron wave function yj, we applied 
the random phase approximation’ (RPA) with 
relaxation effects included (18, 19). The equa- 
tions derived by Zahringer etal. (20) were used 
ee aca ds ey mae 
QA) into three final Nz** states, "ES (In), 
YA,(1m2), and °TT,(1,20,"), which come- 
spond othe experimental KER values. Forevery 
final state, the Auger electron wave function yj, 
wwas calculated using the Hartree-Fock (HF) 
approximation inthe fiozen fied ofthe correspond 
ing doubly charged ion, We note that the con- 
tribution from the °IT,(12,',20,") state is very 
small 
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‘The results shown in Fig. 1, C and D, for an 
assumed delocalized core hole were calculated 
from the square of the 1a, amplitudes in Eq. 1 
‘The case of the localized core hole was calculated 
by a coherent sum of the gerade and ungerade 
amplitudes with equal weight for the g and u 
states. In genera, although the calculations pro- 
vide two different types of distributions (local- 
ized and delocalized) for the Auger electron and 
the photoelectron, the experiment shows that the 
emission pattem depends on the observation angle 
of either the Auger electron or the photoelectron. 

The experiment was performed at the 
Advanced Light Source of Lawrence Berkeley 


3. Auger electron and photoelectron angular 
distributions in the molecular frame for circularly 
polarized light with an incident eneray of E, = 
419 eV. Dots re experimental data; lines represent 
‘theory according to Eq, 1. The molecular axis (N2) és 
shown by the barbell, and the photon propagation 
direction is into the plane of the figure. (A to E) 
Auger electron angular distribution; (F to J) pho- 
‘oelectron angular distribution. (A) and (), non 
coincident detection (integrated over the second 
electron}; (8) to (E), Auger electron distributions 
‘when photoelectrons are emitted at selected angles 
as indicated in (Fr; (G) to (), photoelectron dis- 
tributions when Auger electrons are emitted at 
selected angles as indicated in (AD. (K) The same 
data asin (A) but not in polar form. The pink and 
Green lines represent the g and u contributions; 
‘the black line is the sum. 


National Laboratory via the cold target recoil ion 
momentum spectroscopy (COLTRIMS) tech- 
nique (22, 25). Circularly polarized photons 
(G19 eV) from beamline 11 were intersected with 
‘a precooled supersonic bearn of Nz in the vibra- 
tional ground state. The photoelectron was guided 
by parallel electric (12 V/em) and magnetic 
(65 G) fields toward a multichannel plate de- 
lector (diameter 80 mun) with detay-ine position 
readout (24), Those Nz** ions that fragmented 
within 15° parallel to the electric field axis of 
‘our spectrometer were guided toward a second 
pPosition-sensitive detector, 72 cm from the inter- 
action point. From the position of impact and the 


fa ae 


time of flight of the photoelectron and fons, we 
could determine their vector momenta, To im- 
prove the ion momentum resolution, we used a 
three-dimensional time and space-focusing ion 
optics setup [see figure 12 in (22)]. Momentum 
vectors of the photoelectron and the two ions 
from the four-body final state (cao: Caen N's 
and N") were measured directly, whereas the mo- 
‘mentum ofthe fourth partici, the Auger electron, 
‘was obtained through mamenturn conservation. 
‘The experiment yielded the full 4x solid 
angie distribution for the Auger electron and 
photoelectron and ~1% solid angle for the ion 
‘momentum. We obtained an overall resolution 
of better tham 50 meV for the KER and 0.5 
atomic unit momentum resolution on the center 
‘of mass motion (the calculated Auger electron), 
The breakup is known to be rmuch faster than the 
rotation, so the direction of the N* fingments 
coincides with the direction ofthe molecule upon 
photoabsorption (25) [axial recoil approximation 
26)], By coincident measurement of electron 
and fragmentation direction, we determined the 
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electron angular distributions in the body-fixed 
frame of the molecule without aligning the gas- 
phase molecule in advance (27). The data were 
reconded in list mode, so any combination of 
angles and energies of the particles could be 
sorted in the off-line analysis without repeating 
the experiment. All spectra reported were taken 
simultaneously with the same apparatus to reduce 
possible systematic errors. 

‘The coincident detection measurements di 
rectly show the localized character of the emis- 
sion site for certain emission angles of the Auger 
electron. Figure 2A displays the photoelectron 
angular distribution for a 9-eV photoelectron 
elected by circularly polarized light in the 
molecular fame, No specific Auger electron 
direction is selected in this spectrum (noncoinci- 
dent detection). The data agree very well with 
simariy measured published data (28). The 
distribution has inversion symmetry because the 
1N* fragments are indistinguishable, However, if 
‘we examine a subset of these data in which the 
Auger electron is emitted at an angle of 80° with 
respect to the molecular axis, the inversion sym- 
metry of the photoelectron angular distribution is 
strongly broken (Fig. 2B). These coincident data 
closely resemble the pattem found for carbon 
K -shell ionization in CO, shown in Fig. 2C for 
comparison. CO is isoelectronic with Nz, and the 
carbon K shell is selected by the energy. The 
comparison suggests that in Fig. 2B the K hole in 
Ne is localized to the ight. 

We now show that the results presented in 
Fig. 2 strongly depend on the choice of direction 
of the Auger electron. The angular distributions 
of the Auger electron and photoelectron are 
shown in Fig. 3, A and F, respectively. In both 
cases, the comesponding other electron is not 
detected (integrated over all angles in our case): 
‘The experiment thus measures the incoherent 
ssum of the theoretical amplitudes for the gerade 
and ungerade contributions, Although theore 
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‘cally we can perform the full calculation with 
either localized or delocalized hole states, only 
the experiment tells unambiguously which de- 
scription is appropriate. The experimental data 
allow selection of the theoretical mode! that ade- 
quately describes the observed phenomena. From 
such noncoincident angular distributions, no in- 
formation about the character of the core hole 
can be obtained. The calculated Auger electron 
angular distribution shows very narow structures. 

The photoelectron angular distributions for 
four different fixed directions of the Auger elec- 
tron are shown in Fig. 3, GtoJ. We finda striking 
change in these distributions upon small changes 
in the angle of the coincident Auger electron. If 
the Auger electron is detected in direction where, 
according 10 the calculations, only the compo- 
nents associated with filing a 1a, vacancy con 
tribute (72.5°, Fig. 3), then the photoelectron 
shows an angular distribution that coincides with 
that calculated forthe gerade photoelectron. Cor- 
sespondingly, if the Auger electron is detected 
around 90? to the molecular axis, where the 16, 
contribution has a node, the photoelectron 
angular distribution appears dominated by unger- 
ade symmetry. Note that for this particular 
geometry at 90° to the molecule, our analysis of 
the symmetry of the Auger electron does not 
even require a calculation. If we ignore the small 
contribution from the *TT, (17,",20,") final state, 
then the node at 9° follows from the properties of 
an ungerade Auger electron wave of 6 or 5 
symmetry. Two waves emerging from a double 
slitwith x phase shift destructively interfere at the 
center between the sits. 

Our results show that if the Auger electron is 
selected in a direction where only gerade waves 
contribute, the comesponding photoelectron wave 
hhas ungerade parity, and vice versa. Because the 
photoelectron and the hole states must have 
opposite parties, knowledge ofthe photoelectron 
parity reveals the party of the hole state, which 
‘must be delocalized in this case. 

‘The other extreme is shown in Fig. 3, land J 
Here the Auger electron is selected in directions 
slightly to the left or the right of 90° to the mo- 
lecular axis, where, according to the calculations, 
the g and u components contribute equally. In 
this case, the photoelectron angular distribution 
shows the strongly broken symmetry already 
discussed in connection with Fig. 2. The hole 
appears localized on the right oF left atom, re- 
spectively. A change of the Auger ange from 80° 
‘0 100? is sufficient to apparently switch the site 
ofthe core hole from left to right (Fig. 3, Land J). 
On the other hand, these angular distributions are 
comectly reproduced by our calculation using a 
coherent superposition ofthe gerale and ungerade 
hole states in Eq. 1 

‘In our calculations, we used gerade and 
gerade orbitals, but we would obtain equivalent 
results with left- and rightlocalized fictions. 
‘Wave fictions in one bass are easly expressed 
through the wave functions in the other basis. It 
{s the coherent combination of amplitudes, ex- 
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pressed in either basis, that leads tothe observed 
results. Photoelectron efection and the subse 
‘quent decay create a fully entangled electron pair, 
‘which by our measurement we project onto either 
of these basis states. This is by analogy to an 
‘entangled two-photon state, for which measure~ 
‘ment of one photon by a horizontal linear po- 
larizer projects the other photon onto a state of 
‘vertical polarization; similarly, circular polarizers 
‘Project onto left and right circular bases. 

If we select from all Auger electrons de- 
picted in Fig. 3A only those associated with a 
‘photoelectron in a certain direction (indicated by 
the arrows in Fig. 3F), then measuring the pho- 
toclectron in a direction where only gerade photo- 
electrons contribute projects the Auger electrons 
‘onto the ungerade contimmm states (Fig. 3B). 
Comresponding!y, selecting a photoelectron direc- 
tion where only the u state contributes results in a 
type angular distribution of the Auger electron 
(Fig. 30), Selecting photoelectron angles where g 
and u contribute equally projects the Auger elec- 
tron onto a left (Fig. 3D) or right (Fig. 3E) state. 

‘What conclusion can be drawn with respect to 
the question of core hole localization? To discuss 
this question in a quantum mechanically mean- 
ingful way, it is first necessary to include the 
decay, which is an inherent property of the ex- 
cited molecule, Whether the core hole is beter 
thought of as being localized or delocalized 
depends on the direction in which the photo- 
electron or Auger election is emitted. Detecting 
the direction of the photoelectron in the exper 
‘ment selects between cases in which the transient 
‘core hole is best described by a delocalized state 
of g oru symmetry, and other cases for which itis 
‘more appropriate to think of a localized hote. This 
situation can be described by a coberent super- 
position of gerade and ungerade states, or altema- 
tively by a superposition of states comesponding to 
hole on the left and one on the right. 

In using a coherent superposition of g/t hole 
States to analyze our results, we have ignored any 
physical processes that might destroy this local- 
ization. The g/u hole states have a small energy 
spliting (9, 11), which can be expressed in the 
time domain as a hopping of a 1s vacancy be- 
‘tween the two atoms (3). The 100-meV splitting 
‘corresponds to a hopping time from one side to 
the other of ~20 fs. This time is long relative to 
the ~7-fs lifetime of the hole states, so in most 
‘cases the Auger decay takes place before the hole 
‘changes sites. Cases where the hopping time and 
‘Auger lifetime are comparable would require a 
time-dependent treatment and invite time-resolved 
‘experiments. An example of a time-resolved ex- 
Periment for a different process was recently 
reported (29). To date, only the coupling of va- 
‘cancies to the nuclear degrees of fieedom (such 
as vibrational modes) has been considered in the 
Yiteranure. Our experiment shows that this topic 
should be revisited while carefully addressing the 
electronic decay of the states (30). 

More generally, we have shown that detect- 
ing the signals (electrons in our case) from the 
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creation and time-delayed decay of vacancies 
gives insight into the transient structure of ex: 
tremely shorived species. This methodology is 
not limited by the time resolution of the pump 
and probe pulses. Therefore, it allows us to ex- 
ploit high-resolution radiation sources such as 
synchrotrons and future free-electron lasers. The 
ultrafast time correlation is provided by the short- 
Jived transient species and its decay dynamics. 
Recent progress in coincidence techniques for 
electrons from surfaces (31-33) shows that ap- 
plication of this scheme in solid-state physics is 
within reach. 
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Measuring Picosecond 
Isomerization Kinetics via Broadband 
Microwave Spectroscopy 


Brian C. Dian,* Gordon G. Brown, Kevin O. Douglass, Brooks H. Patet 


The rotational spectrum of a highly excited molecule is qualitatively different from its pure 
rotational spectrum and contains information about the intramolecular dynamics. We have 
developed a broadband Fourier transform microwave spectrometer that uses chirped-pulse 
excitation to measure a rotational spectrum in the 7.5- to 18.5-gigahertz range in 2 single shot and 
thereby reduces acquisition time sufficiently to couple molecular rotational spectroscopy with 
‘tunable laser excitation. After vibrationally exciting a single molecular conformation of 
cyclopropane carboxaldehyde above the barrier to C-C single-bond isomerization, we applied 
line-shape analysis of the dynamic rotational spectrum to reveal a product yield and picosecond 
reaction rate that were significantly different from statistical predictions. The technique should be 


widely applicable to dynamical studies of radical intermediates, molecular complexes, and 
conformationally flexible molecules with biological interest. 


jure rotational spectroscopy has played an 

important role in molecular structure de 

termination for many decades. Much of 
the current work in molecular rotational spec- 
troscopy uses pulsed molecular-beam sources to 
produce cold, gas-phase samples. The high res- 
olution and sensitivity of current cavity-based 
Fourier trmsfoam microwave (FTMW) molecular- 
beam spectrometers, a design pioneered by Balle 
and Flygare almost 30 years ago (J), allow struc- 
ture determination for a wide range of biolog 
ically relevant molecules (2), weakly bound van 
der Waals clusters (3), environmentally important 
radicals (4), and molecules of potential ‘mpor- 
tance in astronomy such as the first molecular 
anion detected in the interstellar medium, which 
wwas identified by its Iahoratory rotational spec 
trascopic signature (5) 

Beyond structure determination, we have ap- 
plied rotational spectroscopy to probe intramo- 
lecular dynamics (6-8). The rotational spectrum 
of ahighly excited molecule displays qualitatively 
new features that come from the nuclear motion 
associated with intramolecular vibrational energy 
redistribution (IVR) and isomerization. Whereas 
the moments of inertia are constant in pure rota- 
tional spectroscopy, they become time-dependent 
quantities in highly excited molecule. The 
‘modulation of the molecular rotational frequency 
by the fluctuating nuclear geometry causes 
changes to the overall line shape of the spectrum 
{in a way that is analogous to motional effects in 
dynamic nuclear magnetic resonance spectros- 
copy (9, 10). In particular, isomerization kinetics 
can be determined through coalescence of the 
spectnum at a frequency between the charac 
teristic pure rotational frequencies of the reac- 
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tant and product. The frequency separation be- 
tween characteristic rotational frequencies can 
bbe several gigahertz for dynamic rotational 
spectroscopy (DRS), making it possible to study 
picosecond time scale isomerization reactions. 
‘The experimental demands for DRS are chai- 
lenging. For example, coalescence caused by 
{isomerization can produce a rotational spectrum 
that spans a range of several gigahertz. Because 
the molecule remains bound at all times during 
isomerization, the spectrum will consist ofa series 
‘of quantum state-resolved transitions whose 
intensity profile reflects the smooth coalescence 
line shape. Accurate spectral intensity informa- 
tion across the entire measurement bandwidth 
is therefore essential to the kinetic analysis, Fur- 
thermore, the total rotational spectral intensity és 


Fig. 1. A schematic dia- 
gram of the CP-FIMW 
spectrometer. The chirped 
pulses are generated via 
an AWG (AWG710B, 
Tektronix Inc, Beaverton, 
Oregon) and a mico- 
‘wave circuit for frequency 
up-conversion and band 
width extension (fig. SU. 
‘The chirped pulse Ginear 
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conserved during coalescence, meaning that the 
signal strength of any individual transition will 
be diluted by the isomerization kinetics. Finally, 
the experiments are limited by the properties of 
the laser source used to generate the excited- 
state population. A high-resolution laser is used 
to prepare one (or a small mumber) of highly 
excited quantum states. The laser frequency must 
be stabilized and power fluctuations minimized 
during the course of the rotational spectnurn ac- 
quisition to ensure constant population transfer to 
the excited state. A rotational spectroscopy tech 

nique capable of fast spectrum acquisition is 
favored to minimize the effects of power varia- 
tion and laser frequency drift. 

We have developed a broadband FTMW. 
spectrometer for applications in DRS that 
offers orders of magnitude improvement in 
spectnim acquisition times (12). This spectrom 
ter exploits recent advances in digital electron 
ics to measure the molecular rotational spectrum 
in the 75- to 185-GHz frequency ringe in a 
single data acquisition event. By comparison, a 
cavity-FIMW spectrometer has a measurement 
bandwidth of about $00 kHz and would require 
22,000 measurement steps to cover the same 
spectral region. The technique introduces three 
‘gor changes to previous FTMW measurements, 
Fist, a chirped pulse with a linear frequency 
sweep from 7.5 to 18.5 GHz is used to polarize 
the sample through fast passage excitation, 
McGurk, Schmalz, and Fiygare first recognized 
that rapid passage produces strong sample polar- 
ization in rotational spectroscopy, in experi- 
‘ments where the molecular transition frequency 
‘was swept through a fixed microwave frequency 
using the Stark effect (12). Second, the chirped 
pulse is generated by a high-speed arbitrary 
‘waveform generator (AWG) that is phase-locked 
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‘Souderton, Pennsylvania). The amplified pulse is broadcast into the sample interaction region of a 
molecular-beam spectrometer with 2 WRD750 standard gain hom. The molecular beam is created by a 
pulsed-jet expansion of 0.5% CPCA in an 80:20 neon-to-helium gas micture. The backing pressure 
behind the nozzle (Series 9, Parker Hannifin, Pine Brook, New Jersey) is 1 atm, the nozzle diameter is 
‘1 mm, and the pulse duration is 500 1s. The infrared laser pulse is coupled into the interaction region 
with 2 plane-parallel multipass cell. After the rotational FID is collected by the second WRD750 hom, 
amplified, and down-converted to the 0.5- to 11.5-GHz band, it & digitized at 40 Gsls via a digital 
‘oxilloscope (TDS6124C, Tektronix Inc, Beaverton, Oregon). 
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to a rubidium-disciplined crystal oscillator. The 
phase-reproducible chirped pulses created by the 
AWG allow time-domain signal averaging of 
the coherent molecular emission. Thind, the rota- 
tional free induction decay (FID) is recorded with 
a high-speed digital oscilloscope to capture sig- 
nals over the full spectrometer bandwidth on 
cach data acquisition event. The frequency-domain 
spectrum is recovered through fist Fourier trans- 
fonm of the rotational FID, We tenm the tech- 
nique chirped pulse Fourier transfonm microwave 
(CP-FTMW) spectroscopy to emphasize these 
essential features of the design. 


A 


.% 


4 


For broadband FIMW spectroscopy, the 
chirped pulse offers two more crucial advantages. 
First, frequency bandwidth and pulse duration 
are decoupled in the chirped pulse. This be- 
havior is different from the transform-limited, 
‘or “hard,” pulses usually used in Fourier trans 
form spectroscopy, where bandwidth increases 
rust be achieved by shortening the pulse. Using 
“stretched” pulses, we can deliver more energy 
to the sample fom a microwave amplifier with 
fixed peak power Second, there is a simple 
‘method to extend the bandwidth of a chirped 
‘microwave pulse. When a chirped pulse passes 
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through a microwave frequency multiplier, the 
‘bandwidth increases by the multiplication factor 
of the device while the pulse duration is pre- 
served. This effect enables high-bandwidth pulse 
syithesis via curent AWG technology. 

‘A schematic of the CP-FTMW spectrometer 
is shown in Fig. 1. The three major components 
are the pulse generation system, the sample in- 
teraction region, and the broadband FID de- 
tector. The most important design choices are 
related to the pulse generation system, where a 
chirped excitation pulse with a linear frequency 
sweep is created and amplified. The first step 
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ig. 2. The key physical quantities for the DRS experiments. (A) The potential 
energy surface for conformational isomerization of CPCA calculated at the 
BBLYPIG-31+G" level of theory is shown. Superimposed on the surface are 
the torsional energy levels calculated from the 1D torsional Hamiltonian. 
Molecular structures ofthe syn (blue) and anti (red) conformers are shown as 
‘insets. This conformer color code is also used in Figs. 3 and 4. The probability 
distributions for the lowest torsional energy levels of each conformer are 
clsplayed. (B) The CP-FTMW spectrum of CPCA recorded with 2 single valve 
pulse (positive, black) is compared with the calculated spectrum for the syn 
(negative, blue) and anti (negative, red) conformers. The strongest pure ro- 
tational transition for each conformer is the 2ge~ox (Standard asymmetric top 
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notation, Juac) o-ype transition at 12471 MHz (anti) and 15686 MHz (syn). A 
larger version of this figure is shown in the SOM (fig. $2). (C) The conformer 
selective infrared spectra of CPCA in the aldehyde C-H stretch region extracted 
from the CP-FTMW spectra are shown. The red trace shows the laser-induced 
changes to the Zea rotational frequency of the anti conformer (12471 
Miz) as a function ofthe laser frequency. The laser-induced signal changes for 
‘the Zales rotational transition of the syn conformer (15686 MH2) are shown 
in blue. Arrows indicate the ab initio predictions for the aldehyde C-H— 
stretching fundamental (table $2). Boxes highight the vibrational bands 
examined in this study. The room-temperature gas-phase Fourier transform 
infrared spectrum of CPCA is shown in the upper panel for comparison. 
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Fig. 3. The DRS measurements of CPCA and the line-shape analysis method used in the 
rate determination. (A) The DRS measurements for CPCA in the 2819- to 2825-cm™* 
region are presented in a 2D format. The strong pure rotational transitions of CPCA (Fig. 
28) are cut from the spectrum to isolate the laser-induced rotational transitions. The red 
‘and blue lines indicate the pure rotational frequencies for the anti and syn 2n2~2or 


transitions, respectively. The top panel shows an expanded region of the spectrum 
shown in Fig. 2C and demonstrates that the laser selectively excites the syn conformer. The anti conformer spectrum trace is offset by ~40% for clarity. The 
right panel shows the maximum signal level at each microwave frequency over the laser scan region. (B) The isomerization rate determination és performed by 
fitting the cumulative intensity distribution of the microwave spectrum to the integrated line shape of the rotational Bloch model modified for chemical 


exchange (see section 


‘the materials and methods of the SOM). The best fit (red trace) to the experimental cumulative intensity distribution (black trace) 


{s shown in (). (C) The best-fit overall line shape is compared with the experimental dynamic rotational spectrum measured in the microwave (MW) frequency 
region. The smooth line-shape profile from the rotational Bloch model és displayed in red. 
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in pulse generation uses an AWG with a 3.96 
aigasamples (Gs)s sample rate to generate 2 
chirped pulse with a linear frequency sweep from 
162.5 to 1537.5 MHz. Afier up-conversion into 
‘the microwave frequency range with a 9.90-GHz 
phase-locked dielectric resonator oscillator 
(DRO), a microwave circuit is used to expand 
the pulse bandwidth by a fictor of eight in two 
stages. The components used in the microwave 
cireuit are shown in fig. Si. The final pulse 
output of this circuit provides a linear frequency 
sweep from 7.5 to 185 GHz. This pulse is 
amplified by a brosdband-pulsed traveling wave- 
‘ube amplifier with 2-W peak power. 

We coupled the chirped pulse into the inter- 
action region using a double-ridge (WRD750) 
standard gain hom with 20-dB gain. A second 


hhom is used to receive the molecular FID. By 
using broadband standard gain homs to broad- 
cast the microwave polarizing pulse and receive 
the weak molecular emission, we achieve a fat 
spectral response that produces accurate relative 
intensities over the spectrometer bandwidth. 
“Molecules are introduced through a pulsed, free- 
Jet expansion, A tunable, pulsed inffared laser 
(0-H repetition rate, 8-ns pulse duration, 0.02- 
cm bandwidth, $ mJ per pulse near 2750 an *) 
is used to vibrationally excite the molecules in the 
colison-ffee region of the fe jet expansion. The 
laser pulse interacts with the sample before the 
microwave excitation, When the laser is resonant 
‘with a vibrational transition, it transfers the 
population to excited vibrational states. In DRS, 
‘we are interested in the rotational spectrum of the 


quantum states. populated by laser excitation. 
However, the population transfer also changes 
the signal level of the rotational transitions in 
the ground vibrational state, Therefore, by 
‘monitoring the signal level of the pure rotational 
transitions, we obtain the conformer-selective 
vibrational spectrum in a multiplexed version 
of infrared (IR)-FTMW double-resonance 
spectroscopy (13). 

‘The microwave chirped pulse with 1-ps pulse 
duration is coupled into the spectrometer imme- 
ately after the infrared laser pulse. After a delay 
time of 2 41s to pemnit dissipation of the high- 
power excitation pulse, the molecular emission 
{is switched out to a low-noise, broadband am- 
plifier and subsequently mixed with a PDRO 
operating at 1899 GHz to bring the 7.5- to 
18.5.GHz molecular emission into the operating 
range of the digital oscilloscope (de to 12-GHz 
hhandware bandwidth), In the DRS measurements 
reported here, the FID was acquired for 2, The 
{Hfetime of the excited molecular quantum states 
must exceed the Sis time interval required to 
complete the rotational spectrum acquisition. In 
the collision-free region of the expansion, the 
only lifetime contribution comes from radiative 
decay, and this process occurs on the millisecond 
time scale for infrared fluorescence. 

Reduced measurement time is the major 
advance of the CP-FTMW spectrometer that fi- 
cilities DRS measurements, Because the excited- 
state rotational signals are about one-tenth as 
strong as the pure rotational signals, we perform 
85 time-domain signal averages for each spec- 
‘rum. With the system operating at the 10-Hz 
repetition rate of the laser, we can measure and 
archive the broadband spectrum (7.5 to 18.5 GHz) 
{in 11 s, In the experiment presented in this re- 

muire 17,000 rotational spectra as 
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from the anti conformer; and (D) 2822 cm", originating from the syn conformer. The horizontal axis 
Gives the laser frequency, and the vertical axis is the microwave frequency. The red and blue reference 
lines mark the position of the pure rotational 2a,~Je, transition of the anti and syn conformers, 
respectively. Horizontal bars to the right of the spectra represent the present product yield for syv/anti 
‘somerization determined from the total spectra intensity in either the anti or syn region of the dynamic 


rotational spectrum. 


the laser frequency is scamed continuously 
from 2670 to 2850 em’ in a total measurement 
time of 52 hours. By comparison, the computer- 
controlled cavity-FTMW spectrometer in. our 
laboratory takes 14 hours to complete a broad- 
band sean ffom 8 to 18 GHz and would require 
about 27 years of continuous operation to com- 
plete the measurements. The shart acquisition 
times also minimize the effects of laser frequen- 
cy drift, because only short-term frequency sta- 
bility is required. Further, by the acquisition of 
the full rotational spectrum on each laser pulse, 
shotto-shot variation in the laser pulse energy 
affects only the overall signal level and does not 
skew the line shape profile that contains the 
reaction rate information. 

‘We applied this broadband FTMW spectrom- 
ter to rotational spectroscopy of cyclopropane 
carboxaldehyde (CPCA). CPCA has two sta- 
ble molecular conformations—syn and anti—as 
shown in Fig. 2A. These two geometries inter 
convert by intemal rotation about a C-C single 
bond, The one-dimensional (ID) potential curve, 
calculated by ab initio methods (4), is shown 
in Fig. 2A. The anti conformer is calculated to be 
46-co* (zero-point-comected) more stable than 
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the syn conformer. The calculated bamier to con- 
formational isomerization is about 2200 an” 
‘The highest level calculations in the literature 
use the CBS-4 method and have the anti con- 
former more stable by 85 cm, with a barrier of 
1910 cm? for isomerization to the syn geom- 
etry (15). These computational results are in 
ood agreement with previous gas-phase micro- 
wave (16) and infrared (17) studies of CPCA, 
which have determined a small difference in 
the conformational energies (10 to 30 cm™*) 
and conformational isomerization barriers of 
~1600 cm. We acquired the pure rotational 
spectrum of CPCA measured via CP-FIMW 
spectroscopy (Fig. 2B) using a single molecular 
beam pulse. The signal-to-noise ratio on the 
strongest transitions is about 100:1 

‘The fast acquisition of the CP-FTMW spec 
trometer allows “on the fy” kinetics measurements 
by recording the dynamic rotational spectrum of 
the excited state asthe laser frequency is scanned. 
Here, we focus on the region of the infrared 
spectrum in the vicinity of the aldehyde C-H 
stretch (Fig. 2C). Electronic structure calcula- 
tions predict no additional normal-mode funda- 
‘mental vibrations for either conformer in this 
180-cm* spectral range (table S2). However, 
several absorption features appear for each con- 
fommer in this frequency region. The extra spec- 
tral features indicate the presence of IVR caused 
by the anharmonic coupling of different normal- 
‘mode vibrational states (/8), In addition to the 
strong vibrational coupling that produces the 
few discrete vibrational bands in the 2670- to 
2850-cm * region, there also exist weaker inter- 
actions with near-tesonant vibrational states that 
cause further local fragmentation of the infrared 
oscillator strength. Although the vibrational spec- 
trum shows that IVR occurs, the existence of 
extensive vibrational coupling does not guarantee 
that isomerization occurs. 

We detect whether isomerization occurs 
though the properties of the dynamical rota 
tional spectrum. If CPCA isomerizes at the ex- 
citation energy, then the wave functions prepared 
by laser excitation acquire characteristics of both 
stable conformations. The conformational com- 
position of the wave functions is probed by ro- 
tational spectroscopy and provides the product, 
yield for the reaction. Furthermore, the overall 
intensity profile of the dynamic rotational spec- 
trum contains rate information that can be ex- 
tracted through line-shape analysis via a rotational 
spectroscopy Bloch model modified for chemical 
exchange. The rotational Bloch mode! fora revers- 
{ble frst-onder isomerization reaction is presented 
{nthe supporting online material (SOM) text. The 
extraction of the reaction rate and product yield 
from the spectra are illustrated in Figs. 3 and 4. 

‘The conformer selective vibrational spectrum 
in Fig. 2C shows that the vibrational bands at 
2822 cm ' originate from the ground vibrational 
state ofthe syn conformer. However, the dynam- 
fc rotational spectrum of these laser-prepared 
quantum states is peaked around the character 
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istic frequencies of both stable conformational 
geometries, as shown in Fig. 3. The spectrum 
8a function of laser frequency is displayed by 
a contour plot, with the conformer-selective vi- 
‘rational spectrum shown at the top for refer- 
‘ence. The resolution of the rotational spectrum 
is deliberately degraded in the figure so that this 
2D plot can convey the general appearance of 
the spectrum at each laser frequency. To the 
right of the contour plot, we show the total pro- 
Jection of the dynamic rotational spectrum for 
all measurements in this spectral region at the 
resolution of the CP-FTMW measurement. A 
‘video representation of the experiment (movie 
SI), showing each acquired rotational spectrum, 
is included in the SOM. 

‘The determination of the isomerization rate 
of CPCA in the energy region around 2822 cm 
by line-shape analysis is illustrated in Fig. 3, B 
and C. The rate analysis is based on the overall 
intensity pattern of the spectrum. Because the 
intensities of each individual rotational tran- 
‘sition must fluctuate around the smooth line- 
shape profile, we analyze the cumulative spectral 
intensity (Fig. 3B) (19). The cumulative intensity 
for the contour of a coalescence line shape char- 
acterized by a reaction rate of key= 5.60 10° 
(@035 = 10° s * at the 95% confidence level) is 
found to best represent the data, comesponding, 
to an isomerization time scale of 180 ps. This 
total reaction rate is the sum of the forward 
and reverse reactions of the reversible confor- 
‘mational isomerization process. The best-fit 
individual rates are kang—zym = 3.08 = 10° 5 
(0.16 * 10° s *) and kaya anei ~ 252 * 10? S* 
0.19 « 10° s '). The SOM includes a more 
detailed description of the rate constant analysis 
procedures. 

The DRS experiments directly measure the 
‘microcanonical rte [K(E)] for the conformation 
al isomerization reaction. The experimental re- 
sult can be compared with a statistical prediction 
via. Rice Ramsperger KasselMarcus (RRKM) 
theory (Eq. 1) 20) 


oW(E) 


KO = FR 


a 


where is the symmetry number of the reac- 
tion coordinate, W(E) is the mumber of energy 
levels of the transition state, h is Planck's con- 
stant, and p is the density of states of the reac- 
tant. We have evaluated Eq. 1 using the scaled 
normal-mode frequencies and the reaction 
barrier obtained from the best-reported clec- 
tronic structure calculations (1910 cm *). The 
RRKM theory calculation yields a total reac- 
tion rate that is 16 times faster than the 
‘experimental determination: kprsax = 9.09 x 
10°° s*. The RRKM calculation is described 
‘more fully in the SOM. 

‘We have examined the dynamic rotational 
‘spectra for the other vibrational features in Fig. 
2C that can be specifically assigned to selective 
‘excitation of either the syn or anti conformer. 
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The reaction product yields observed in these 
spectra demonstrate conformation-specific isom- 
nization reaction dynamics. We obtained an 
estimate of the reaction yield using the total 
spectral intensity in each of the characteristic 
rotational frequency regions, which is shown 
for four vibrational features in Fig. 4. We ob- 
serve similar product distributions for selective 
excitation of the syn conformer near 2764 and 
2822 cm: 63%/37% syn/anti and 58%4/42% 
syWant, respectively. These yields are near the 
‘equal distribution expected for a reaction where 
the reactant and product have about the same 
zero-point energy. In contrast, we do not ob- 
serve efficient production of the syn conformer 
afier excitation of the antl conformer, as shown 
by the dynamic rotational spectra recorded 
near 2686 and 2806 cm. Although the anal- 
ysis is not shown, the reaction rates in regions 
‘where isomerization occurs are nearly con- 
stant: ka = 5.78 x 10° =* (20.40 x 10? x) 
(2764 cr”), fag = 5.60 * 10° 5 20.35 10 5) 
(2822 am (Fig. 3)], and fie = 4.84 = 10? s* 
40.60 x 10° s (for the small region around 
2804 cm where anti excitation leads to product, 
formation). 

This application of CP-FTMW spectroscopy 
to isomerization Kinetics has revealed rich dy- 
namical behavior for a simple, two-geometty 
reversible reaction. The unimolecular isomeriza- 
tion rates of the isolated molecule are 16 times 
slower than those predicted by RRKM theory. 
Low-bamter isomerization reactions have been 
the subject of much experimental (2/-24) and 
theoretical (25-27) investigation and are be- 
lieved to be a general class of reactions that are 
poorly predicted by statistical reaction rate theory. 
We also observe strongly conformer specifi re- 
action yields. This observation suggests that spe- 
cial doorway resonances that are sparse at this 
level of excitation facilitate the isomerization 
reaction. These DRS measurements on isolated 
‘molecules in 2 molecular-beam environment 
rectly probe the intrinsic intramolecular reaction 
dynamics and complement recent 2D ultrafast 
infrared spectroscopy techniques that have been 
used to measure C-C single-bond isomerization 
Kinetics in room-temperature solution (28). The 
combination of techniques applicable to iso- 
lated molecules and dilute solutions will make 
it possible to understand the interplay of pure- 
ly intramolecular dynamics and intermolecular 
{interactions in thermal conformational isom- 
erization reactions in solution (29-31). 
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Hidden Neotropical Diversity: Greater 
Than the Sum of Its Parts 


‘Marty A. Condon,*#* Sonja J. Scheffer,?>* Matthew L. Lewis,’ Susan M. Swensen® 


The diversity of tropical herbivorous insects has been explained as a direct function of plant 
species diversity. Testing that explanation, we reared 2857 flies from flowers and seeds of 

24 species of plants from 34 neotropical sites. Samples yielded 52 morphologically similar species 
of flies and documented highly conserved patterns of specificity to host taxa and host parts. 
Widespread species of plants can support 13 species of flies. Within single populations of plants, 
we typically found one or more fly species specific to female flowers and multiple specialists 

con male flowers. We suggest that neotropical herbivorous insect diversity is not simply a 
function of plant taxonomic and architectural diversity, but also reflects the geographic distribution 


of hosts and the age and area of the neatropics. 


the diversity of neotropical herbivorous 

insects, ranging in number from 3 million 

to 30 million species (J), has been hy- 
pothesized to be a function of plant diversity 
@, 3), but the degree to which specialization 
shapes that function is contentious. Plant archi- 
tecture (4, 5) and distribution also affect pattems 
of insect diversity (6, 7). Diversity estimates 
have traditionally been generated from counts of 
morphologically distinguishable insect species 
(morphospecies) collected on plant surfaces (2, 3) 
However, molecular evidence suggests that tallies 
of morphospecies underestimate both diversity 
and host specificity (8, 9). Temperate zone re- 
search has reveated diverse assemblages of host- 
specific cryptic species as well as recently 
diverged host races (10), including groups that 
diversified to different pars (¢ 2, leaves, flowers, 
stems) of the same host plant (12). Although 
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sfferent plant tissues represent mimerous niches 
fn the topics, few studies have assessed the 
diversity of concealed larvae feeding inside 
those parts (J2, 13), and even fewer have used 
‘molecular markers to reveal cryptic species (14), 

‘To address the relationship between host and 
insect diversity, we focused on Blepharoneura 
(5), a neotropical genus of tephuitid fruit fies 
that, as larvae, feed within the flowers or fruits of 
plants in the cucumber family (Cucurbitaceae). 
Blepharonewra larvae rarely cause external signs 
of damage, and few host reconds existed prior to 
this stdy. More than half of the known host 
species ofthis group of Blepharaneura belong to 
the Guraniinae, a cucurbit subtribe characterized 
by architectural complexity. The two largest 
genera within the Guraniinae (Gwrania and 
Psiguria) have brightly colored flowers with 
succulent outer floral organs (calyces), ypical of 
‘many hummingbird-pollinated plants (fig. S1). 
‘Most species have male and female flowers borne 
‘on sexually dimorphic branches, which are tem- 
porally and spatially isolated on individual plants 
(26). Because only large plants produce female 
branches, which produce fewer flowers for a 
‘shorter period of time than male inflorescences, 
female flowers are rarer than male flowers. 
‘Thus, a population of a single host species rep- 
resents a mosaic of morphologically distinctive 


targets differing in abundance at any point in 
time (fig. $2) 

To investigate pattems of host use and di 
versity in Blepharoneura, we reared 2857 fies 
from 24 different cucurbit host species in nine 
‘genera and three tribes. Our sample encompassed 
10 distinct biogeographic neotropical regions 
(able SI) spanning the geographic distribution 
of the subttibe Guraniinac, from Mexico 1 
southem Bolivia ($500 km) and from the 
Pacific to the Atlantic coasts of South America 
(3000 kan), We analyzed 419 specimens from 
34 sites in 10 countries. With a conservative 4% 
sequence divergence cutoff for species limits 
(25), a phylogenetic analysis of mitochondrial 
cytochrome c oxidase subunit I (mtCO) sequence 
revealed 52 species of fis (figs. $3 o $8). Most 
of these species were morphologically indis- 
tinguishable (15) but had sequence differences 
ranging from 6 to 18% (Fig. 1). Because diver- 
gent groups revealed by miCOI can incomectly 
identify species (17), we examined two nuclear 
genes from S8 specimens from the Napo region 
of Ecuador, Analysis of nuclear elongation 
factor 1-a (EF 1-0) and CAD (1 5)recovered the 
same 10 lineages (fig. $9) and corroborated the 
miDNA resis (Fig. 1), which suggests that these 
lineages indeed represent distinct species. Sub- 
sequent morphological analyses of a subset of 
these genetically defined species revealed slight 
but staistcally significant differences in mor- 
phology (78). 

Cryptic species of Blepharaneura showed 
specificity both to host part and to host taxon: Of 
45 species reared ffom reproductive tissues, only 
a single species (sp. 39) fed on both flowers and 
seeds, whereas all other species appeared to be 
restricted to either flowers or seeds. Among 
flower-feeders, most specialized on flowers of a 
single gender. This is suprising because most 
flower-feeders feed primarily on calyx tissue, 
Which is similar in fowers of both sexes, Fur- 
thermore, many species specialized on female 
flowers, which are rare relative to male flowers 
(ig. $2) (15, 16), in conirast to predictions that 
insects are less likely to specialize on rare hosts 
(29). Both seed- and flower feeders tended to 
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Costa Rica 


Ecuador (Chocé) 


1 Cayaponia gisndulosa 
a 


Echinopepen racemosus 
GB Guane aameee 
Fig. 1. Multiple sympatric species, often specific to flower gender, infest 
single species of hosts in diverse geographic areas. Neighbor-jpining trees 
were constructed from mtCOl sequence data from specimens collected in 6 
of the 10 biogeographic regions we sampled (15). Branch colors indicate 
hhost species (See key). Terminal labels indkate host part infested: red, 
female flowers; blue, male flowers; tan, seeds. Species are ‘identified with 
‘numbers as in figs, 53 to SB; underlined identification numbers indicate 
species reared from more than one host species; letters (2, b, © highlight 
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French Guiana 


e 


NG. spinosa = 2.005 ststaionsite 
1G. subumbolata 

makoyane Poiguria ternata 

retcuista BP ecciyee 


lineages within species 37 that would be recognized as distinct species if less 
conservative criteria were used to delineate species (15). See table $1 for 
locality data for transects (identified by italic letters and numbers): Trees 
denoted Costa Rica (C14), the Chocé region of northwestem Ecuador (£20), 
the Napo of easter Ecuador (E29), and Peru (P32) were constructed from 
samples collected along single transects (each <20 km long with elevation 
‘variation of <400 m); trees denoted French Guiana (F22 to F25) and Bolivia 
(81 to 87) were from samples collected along more than one transect. 
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specialize on a single species; 80% were reared significantly change when we used less consery- rarer host plants in this study supported only 
from a single host plant species (25). The ative criteria for species delimitation (15), We hosttaxon specialists and were not hosts to 
proportion of host taxon specialists did not also found, contrary to predictions (#9), that the generalist species (Fig. 1). 

Maximum likelihood analysis of the genetic 
data revealed distinct groups of seed- and flower- 
feeding species restricted to specific plant parts 
and plant taxa (Fig. 2). Two clades of fower- 
feeders associated with groups characterized by 
relatively large flowers and succulent tissues. 
Species 1 to 30 were flower-feeders found on 
plants within the subtribe Guraniinae (98% boot- 
strap support), Altematively, species 41 to 43 
were restricted to the tribe Cucurbiteae (100% 

bootstrap support). Within the seed feeding clade 


Fig. 2. Maximum likeli FLY SPECIES ID 
hood tee of 45 species 
of Blepharoneura. Maxi- 
‘mum. tikelihood analysis 
sed a combined data set 
of the nuclear CAD and 
EFLar genes and the mito- 
chondrial CO! gene. Fy 
spedes, each represented 
by a single individual are 
ented by numbers Figs. 
3 b SB; spp. 44 and 45, 
lack nuclear sequences 
and are not included 
here. Collection localities 
for each species are indi- 
cated by letters: A, Pan-  Cucurbitene 


i 
‘ 
3 
A 
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(pp. 31 to 39), two strongly supported lineages 
appeared to be restricted to the subtribe Sicyeae 
(100% bootstrap support) and the Guraniinae 
(100% bootstrap support), respectively (Fig. 2) 
Tim, the mmber of Blepharoneura species re- 
‘ects the diversity of different plant parts and host 
taxa but exceads the sum of plant part types for 
some plant taxa, because multiple species of fies 
infest a single type of plant part. We observed that 
some host species were infested by at least 13 
species of Blepharoneura, We typically found 
fourto six species infesting lowers ina population 


SUONMUR UNIS saazaRsS, 


V, Venezuela; W, western 
Ecuador (table S1). Colors 


= 100 of a single species of host (Fig. 1 and table SI), 
pasate ner 2 8 Our data show that geographically wide- 
used host in an area; col 3 Jaqgp pect bor pans spore moe speci, bolt 
‘ors of rectangles around 4 1 locally and regionally, than did hosts with more 
laters indicate addtional g Enmited distributions (Fig. 3), reflecting pattems 
hosts at some sites. Flower ‘utr - observed in the temperate zone (6, 7). The most 
color indicates host taxon: aad abundant and widespread species of Gurania 


G. spinulosd) was infested by 13 species of 
Cucurbiteae. Host nomen- Blepharoneura (Figs. 1 to 3, table S1, and ap- 
clature is as in appen- pendix Sl). Gurania acuminata, another wide- 
dix Si. spread but locally mare species, hosted nine 
species of Blepharonetera, four of which were 


red, Guraniinae; white, 


3. Diversity of Blepharoneura reared from flowers collected on a single day 

species per host species increases ad | from the same tangle of vines in Pens (spp. 2, 3, 

with number of transects. Host plants. 21, and 28; Fig. 1). The close ecological asso- 

found in multiple tansectshost more & cations of sympatric species feeding on the same 

species of Blepharoneura than do 3 147) host taxon and tissue were not unusual; even on 

fancpeies a paces ere 2:55 esscommon hosts (¢g., G. eriantha), we reared 
imited distribution ¢ = 0.9337). & B22 rmekiple apecice forn single inflorcaccnoce (a 

Colors (ee key) identity hosts;tran- 127 Be” 13 and 14: sce Nap, Pan oF 

sect identification numbersaretsted More than half of the Blepharonenra species 

by country (table $1). All tansects | we discovered were found at only one site and 

are <20 km long with elevation var- 10 say have very limited ranges (Figs. 1 and 2, figs. 

{ation of <400 m. & ous $3 to S8, and table SI). Species endemic to 

js “ oss Particular regions were not restricted to rare hosts, 

‘orto hosts with limited geographic distributions. 

3 Three of the 13 species infesting the widespread 

Be G. spiraasa appeared to be local endemics: One 

als species appeared to be restricted to the Napo 

3 ai region of eastem Ecuador (sp. 12; Fig. 2 and fig. 

Bs eves 5), one to northwest Ecuador (sp. 9; Fig. 2 and 

2°] ew S fig. $5), and one to the southernmost limit of| 

z PFO zr020 G. spinulosa’s distribution in Bolivia (sp. 24; 

2}o en Fig. 2 and fig. $3), Most widespread species of 

fend Blepharoneura showed ahigh degree of fidelity 

o® & 82 to host species and tissue, but we detected 

0 = } —__— —_ same geographic variation in host use patterns 

0 2 4 8 8 1 12 — (eg, spp. 27 and 30; Fig. 1 and figs, S6 and 

Number of transects 7). For example, species 10 was distributed 
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throughout tropical South America, fed excli- 
sively on female flowers, and, in all but one o- 
calty, fed on a single species of host (Fig. 1 and 
fig. S4), Other species (€.g., sp. 27) fed almost 
exclusively on female flowers (30 of 32 speci- 
mens) of at least two host species in Central 
America, but commonly fed on male (N= 4) and 
female (N= 4) flowers in areas west of the Andes 
in Ecuador (Fig. 1 and fig. $6). These variable 
pattems of host use form a mosaic that varies 
from community to community across large 
geographic areas (20) and complicates attempts 
to extrapolate local samples to global estimates of 
tropical diversity (2/). 

Although we report diversity exceeding the 
original morphological estimates by an order of 
magnitude (15), this must underrepresent the 
actual diversity of this group because our ct 
terion for species delimitation is highly conserv 
ative (15), This is because we used 24% miCOI 
divergence, whereas other studies recognize 
species differing by less than 1% (8). As a result 
of this conservative eriterion, we may be lumping 
biologically distinct species together, and single 
‘generalist species may actually represent multiple 
hostspecific species (e.g, sympatric mono- 
phyletic lineages feeding on separate hosts; see 
sp. 37 in French Guiana, Fig. | and fig. $8). Also, 
our samples are limited; most of our collections 
were made during single trips, and our samples 
‘were restricted to species in fruit or flower at that 
time (table SI), Finally, the number of fy species 
reconded for a particular host plant species was 
‘most likely limited because the mumber of insect 
species detected rose as the number of collection 
localities increased (Fig. 3). 

We also found that the distribution of hosts 
‘may also predict herbivore diversity at both local 
and regional scales (6, 7). The neotropics include 
amosaic of biogeographic zones reflecting along 
history of repeated habitat fragmentation (22). 
During periods of habitat fragmentation, insect 
populations may be more likely than these plant 
populations to diverge, as insects have shorter 
generation times and can evolve more quickly 
than plants with long generation times (15). Fur 
thermore, sexual selection accelerates rates of 
evolution in insects, particularly in groups with 
complex courtship displays such as Blepharonera 
(9, 18, 23). When these new species come 
together, as habitats expand and host popula 
tions rejoin, assemblages of highly host specific 
cryptic species result. In local assemblages of 
Blepharonewa (Fig. 1), the minimum pairwise 
divergence among sympatric species is ~6%, 
which suggests that they diverged at least 2.6 
million years ago (24), During the past 2.6 milion 
‘years, even seemingly uniform habitats experienced 
‘multiple cycles of fragmentation and expansion 
(22). If host plants represent “hand boundaries” 
(25) for ranges of host-specific insects, simple 
neutral models incorporating changes in habitat 
area (25) as well as time (26, 27) could help ac- 
count for pattems of diversity. Conflicting as- 
sessments of host specificity and diversity in the 
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tropics (2, 3, 28) may reflect differences in geo- 
graphic scale rather than differences in evolu- 
tionary or ecological processes. 
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Surface Tension Transport of 
Prey by Feeding Shorebirds: 
The Capillary Ratchet 


Manu Prakash,* David 


éré,? John W. M. Bush? 


The variability of bird beak morphology reflects diverse foraging strategies. One such feeding 
mechanism in shorebirds involves surface tension—induced transport of prey in millimetric 
droplets: By repeatedly opening and closing its beak in a tweezering motion, the bird moves 
‘the drop from the tip of its beak to its mouth in a stepwise ratcheting fashion. We have analyzed 
the subtle physical mechanism responsible for drop transport and demonstrated experimentally 
that the beak geometry and the dynamics of tweezering may be tuned to optimize transport 
efficiency. We also highlight the critical dependence of the capillary ratchet on the beak’s wetting 
properties, thus making clear the vulnerability of capillary feeders to surface pollutants. 


shorebirds with long thin beaks feed 

primarily on small crustaceans and other 
invertebrates (2). By swimming in a tight circle 
‘on the water surface, they generate a vortex that 
draws underlying fluid and suspended prey 
toward the surface (2). By pecking on the water 
surface at a rate of ~1.5 Hz (1, 3-6), the binds 
‘capture water droplets with a characteristic scale 
of ~2 mm between their upper and lower man- 
dibles (movie S1), Suction cannot be used to 
raise the drops mouthward because of the geom- 
‘etry of the open beak; gravity acts to oppose the 


P= (Fig. 1A) and several other 


drop motion, Nevertheless, the birds succeed in 
raising the drops mouthward by opening and 
closing their beaks successively (J, 5, 7, 8). Al 
though the importance of surface tension in this 
process was inferred (1), the physical mechanism 
responsible for the droplet transport, specifically 
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the critical role of the beak’s characteristic 
‘tweezering action, has yet to be rationalized. 

‘When a fluid drop is placed on a flat solid, the 
‘equilibrium contact angle 6 between the wetted 
solid surface and the interface is defined by the 
‘well-known Young’s equation. If 6 — 0, the drop 
completely wets the solid, whereas for any finite 
©, the drop is said to partially wet the solid. In 
‘practice, static contact angles observed in the 
case of partial wetting may lie anywhere in a 
finite range bounded above and below by the 
values at which contact line motion is 
‘specifically, the advancing and receding contact 
angles, respectively 6, and 0, (9-11). An impor- 
tant consequence of this so-called contact-angle 
hysteresis is a contact force that causes drops to 
adhere to surfaces; for example, rain drops stick 
to window panes because of the difference in the 
contact angles on their upper and lower edges (2) 
Although contactangle hysteresis typically acts 
to resist the sliding of droplets on solids (0, 11), 
it may be overcome by vibration (13, 14). We 
demonstrate that, in capillary feeding, contact- 
angle hysteresis couples to the time-dependent 
‘beak geometry corresponding to the mandibular 
spreading cycles (I, 5-8), thereby driving drop 
‘motion via a ratcheting mechanism. 

‘Surface tension transport relies explicitly on 
‘the bird opening and closing its beak and so 
‘varying the beak opening angle a (/, 5) (Fig. 1B). 
This angle has an upper bound because a drop 
pinned between two plates will break at an 
opening angle Ghana if its height-toradius ratio 
exceeds 2n (15-17), Denoting the beak length by 
and the drop size by the capillary length /. ~ 
(ripg)'? ~2 mm (where 7 is surface tension, p is 
density, and g is the gravitational acceleration), the 
‘maximum opening angle is thus on the order of 
been ~ h/Ly ~ 11° for capillary feeders (Fig. 1B 
and fig. S1). The characteristic time to transport a 
drop along the beak length I, ~ 2 cm is 20 ms, 
corresponding to mean drop speeds as high as 100 
ems (2, )-In Fig. 1B, we present the mean beak 
length and width of 18 shorebird species with 
straght bills and emphasize that surface tension 
transport is used only by birds with the smallest 
beaks. Rubega (3) demonstrated that beak dimen- 
sions do not scale with body size in adult red-necked 
phalaropes, Phalaropus lobatus, suggesting the 
critical role of beak morphology in capillary 
feeding. Recently, Estrella et al. (5) substantially 
expanded the list of capillary feeders (Fig. IB), 
underscoring the prevalence of surface tension 
‘transport. Though morphometric analysis of bird 
bills commonly yields insight into foraging mech- 
anisms (/8) and has led to new understanding of 
feeding modes (79), analytical and experimental 
stuulies of these mechanisms are excesingy rare 
(20), We here present one such study. 

In our experimental study, we constructed me- 
chanical wedgelike geometries modeled after the 
bird beak. Mechanical beaks with a stainless steel 
surface were polished with a Buehler Metadi 
diamond slurry (average particle size ~ 3 um). The 
‘surface was ultrasonically cleaned for an hour, 


plasma-treated in oxygen for I min to remove any 
residue, then left in air for an hour before ex- 
‘periments were performed. The mechanical beaks 
‘were mounted and actuated by a motorized micro- 
‘meter stage so that the beak opening and closing 
smgie could be precisely controlled by a computer 
Drops of known volume (ranging from 0.5 to 
2 yl) were inserted via a micropipette at the tip of 
the beak. A high-speed video camera (Phantom 
'v5.0) reconded the resulting drop dynamics. 
We first deposited a completely wetting fuid 
(Silicone oil, y = 002 Nim) in the form of a 
droplet that spared the wedge (Fig 2A). The 
drops propagated toward the narrower region, 
advancing first at a constant speed then acceler- 
ating as they approached the apex of the wedge 
(Fig. 2, B and ©). The behavior in this fully 
‘wetting regime may be rationalized by simple 


scaling arguments (supporting online material) 
‘The jump in pressure across a surface is propor- 
tional to + and the local curvature; such curva- 
ture pressures are capable of driving uid motion. 
In 1712, Hauksbee (2/) reported that “oil of 
orange” droplets trapped between two non- 
‘parallel glase plates moved spontaneously in the 
direction of decreasing gap thickness. Similarly, a 
completely wetting uid drop confined in a 
conical capillary is known to self propel toward 
the narrower end beeause of the axial force aris- 
ing from differing curvature pressures across its 
end caps (22). In our wedge geometry, the open- 
ing angle is denoted by a, the width of the drop 
by Whe distance ofthe drop fram the apex by x, 
and the length of the drop by L (Fig. 2B). The 
ddrop height is necessarily ox. For x > L, the 
pressure difference between the two caps scales 


Beak Width W (mm) 


Phalaropus lobatus 
Phalaropus tricolor 
Galiingo gallingo 
Himantopus himantopus 
Haomatopus ostalegus 
Charadrius alexandrinus 
Charadrius hitacula 
Galidris alpina 

Calis minuta 

Calidis alba 

Calidris mauri 

Tringa erythropus 
Limésa limos 

Limosa lapponica 
Pluvialis squatarola 
‘Vanellus vanellus 
Philomachus pugnax 
Asenatia interpres: . 


Beak Length L,(mm) 


Fig. 1. (A) A juvenile Wilson's phalarope feeding. Note the prey suspended in the droplet trapped 
in its beak (inset. [Photo courtesy of Robert Lewis] (B) Shorebirds use a variety of foraging 
strategies (28) and so exhibit large variations in beak size and shape. Here we plot the bill length 
‘and base width of common shorebirds with straight bills [data compiled from (4, 18, 29). Scale 
bars represent the standard deviation in the reported data. 
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as yL/oo? and the drop volume as 2 ~ axLi¥: 
hence a driving force F’~y WLix arises. Fora fuid 
drop with dynamic viscosity 1 advancing at a 
speed 1; the viscous force resisting its motion is 
given by Fy, ~ nf¥Zvi(ox); the force balance thus 
yields a steady speed vp ~yaun that is independent 
of drop position x and drop length Z. As the drop 
approaches the apex, x<, the pressure difference 
between the caps scales as (ct) and the volurne 
as a" W. The resulting driving force now varies as 


‘yLWr, and the viscous resistance as n/¥va. The 
resulting drop speed voL/x diverges as the drop 
approaches the apex despite the progressiv 
increasing confinement. After a brief transient 
Period, these two distinct regions of constant speed: 
and acceleration are apparent in Fig. 2C. 

‘When water is used in place of oil, the be- 
havior is strikingly different: No droplet motion 
arises (Fig. 3A, top row). Ui 


the water only pantally wets the sol 


Fi 


Ob 02 as os os to a2 44 16 
t(sec) 


2. Fluid drop in a horizontal beak. (A) Schematic of a bird beak with a fluid drop trapped 
between upper and lower mandibles, (B) A completely wetting drop of silicone oil (8; = G2 


dynamic viscosity 7 = 0.05 kg m~* s~) self-propels toward the apex of a mechanical bird beak with 


2 constant opening angle a 


front position versus time for silicone oil (n = 0.01 kg m™? s~) for three opening angles a, 
2.8° (red circles), and as = 4.2° (green squares), where d (in millimeters) 


(blue triangles), ap 


.4° and uniform width of 1 mm. Scale bar, 2 mm. (C) Plot of drop 


ea 


‘epresents the distance from the beak tip to the drops trailing edge. 


opening and cl 


t(sec) 
The capilay ratchet. (A) Time sequence illustrating the water droplet transport generated by an 


cycle ofthe mechanical beak. in the closing cycle, the leading contact line proceeds 


toward the mouth; in the opening cycle, the trailing contact line recedes toward the mouth. The results 
net drop transport toward the mouth. Scale bar, 2 mm. (B) Plot of the associated motion of the leading 
(red) and trailing (green) contact lines generated by varying the opening angle a over three cycles. d (in 
millimeters) represents the distance from the beak tip to the contact line. [See also movie S2] 
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quently, the droplet motion is resisted by contact- 
angle hysteresis, Specifically, there is an adhesive 
force whose magnitude scales as WAcos®, where 
Acos® ~ cos6, ~ cos8, (10, 23), and Wis the 
Jengih of the advancing contact line, In our 
system, water droplets on stainless steel beaks 
have an advancing angle 0, ~ 65° and receding 
angle ©, ~ 20° that are comparable to those of 
water droplas on keratin (24). Drop motion is 
possible only if the capillary driving force F ~ 
‘yoos® (IVL/x) exceeds this sticking force; that is, 
if a> [(Acos6)/cas6] [2(WVZ")]. This condition 
cannot be satisfied, because both Acos®/cos® and 
QW?) are onder-one quantities, whereas o must 
be less than Geax: ~ 0:2 radians for drop stability. 
The relatively minor influence of the fully three- 
dimensional geometry was examined numetical- 
ly (fig. SI). The influences of beak taper and 
orientation were examined both experimentally 
and mumericaly. Realistic beak tapers (3, S) were 
found to have only a weak quantitaive effect on 
the drop propulsion, whereas beak orientation had 
a negligible effect in the ratcheting regime. 

Phalaropes induce drop motion by cyclically 
‘opening and closing their beaks (1). We followed 
their lead in actuating the mechanical beak by 
opening and closing the wedge geometry at a 
constant angular velocity «, with Gow and Cpe, 
being the minimum and maximum opening angles, 
respectively. We reconded the loeation of both front 
and rear contact lines ofthe drop with a high-speed 
camera mounted on a microscope (Fig. 3A) Fora 
given drop volume, varying dine: ad Gp TEVCAIS 
three distinct regimes. 

If Goyen ~ Gice i8 sufficiently small that the 
leading and trailing contact angles, @; and 2 re- 
spectively, satisfy ©, <@, <8, <0,, then the drop 
remains pinned (Fig. 4A), The dynamics for 
Iarger values of Open — Gries are best understood 
by considering in tur the closing and opening 
phases. During the closing phase, both contact 
Jines have the tendency to progress outward, but 
the leading edge (A) always does so first. During 
the opening phase, both contact lines tend to 
retreat inward, but the trailing edge (B) does so 
first. The drop thus advances through a slipping 
ratcheting motion: In each cycle, both leading 
and trailing edges of the contact lines advance 
and retreat. Nevertheless, due to the asymmetry 
fn the wedge geometry, net mouthwant drop 
‘motion isstill achieved, albeit inefficiently. When 
Gog And Copan are optimally tuned, the droplet 
advances through a pure ratcheting motion with 
no slippage, The two contact lines move asyn- 
chronously but progressively towant the apex: 
During the opening phase, the leading edge (B) 
remains pinned while the trailing edge (A) re- 
treats; during closing, the leading edge (B) ad- 
‘vances while the trailing edge (A) remains pinmed 
(Fig. 4A), The time dependence of the contact 
line positions and opening angle for nearly pure 
capillary ratcheting is plotted in Fig. 3B. The 
ratcheting motion is quasi-static, with the instan- 
taneous position of the drop being determined 
by the history of the beak motion; therefore, the 
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Fig. 4. (A) A schematic 
ilustration of droplet dy- 
‘namics in an oscillating 
bird beak. The drop 
pinned for region 6, > 
01> 82> 6,, marked by 
the red line. As the beak 
'5 closed progressively, 
first the leading (A) then 
the leading and traiting 
(@) contact lines advance. 
As the beak is opened, 
first the trailing (B) then 
the trailing and leading 
(9) contact lines retreat. 
Utimatey, the drop breaks 


ted 
optimal ratchet by the red 
arovs. (B) Regime diz- 
«gram for droplet transport 
in an oscillating me- 
chanical bird beak lus 
‘rates the dependence of 
the system's behavior on 
‘the minimum and max os 
‘mumopening angles Gave 
ated chen > Cay FSPEC™ 


Te 20 25 30 
Cal Crs) Chaat 


‘tively. The drop volume was fied at 1.5L For ign > Crea the dp breaks, where2sf0F Ce <Clane™, the drop 
spil from the beak. The numbers denote the numberof cycles required to transport the drop from the beak tip to 
‘the mouth in the ratcheting regime. The optimal capillary ratchet transports the crop in three cydes. 


drop speed increases linearly with the ratcheting 
frequency 

Figure 4B illustrates the various regimes of 
droplet transport observed in our mechanical bind 
‘beak when the minimum and maximum opening 
angles, dove Ad Gopen Tespectively, were Varied. 
In addition to regimes characterized by drop 
pinning and drop breakup, we report the mumber 
of cycles required for drop transport from the 
‘mechanical beak tip to the apex of the wedge in 
the ratchet regime. For our specific combination 
of droplet volume (1.5 ul) and mechanical beak 
geometry, the minimum munber of eyctes, three, 
corresponds to the most efficient capillary ratchet 
It is interesting to speculate as to the degree of 
optimization of capillary feeding in the wild. On 
average, a single drop is transported from the 
beak tip to the buccal cavity of the red-necked 
phalarope in two to three mandibwar spreading 
cycles (1, 4). Wilson's phalaropes are evidently 
less optimized for capiliary feeding, and require 
seven to eight cycles (7). Our observations pro- 
vide a quantitative measure of the efficiency of 
shorebird beaks in capillary feeding, and so may 
yield insight into their degree of adaptation. 
Moreover, they yield new insight into recent 
observations of rynchokiness, in which capillary 
feeding may be enhanced by beak flexure (6). 

‘The beaks of shorebirds may be largely ver- 
tical during capillary feeding: thus, the influence 
of gravity needs to be considered. Although gravity 
acts to resist the climbing drop, itis overcome by 
contact-angle hysteresis provided thatthe pinning 


force, F,—“yWAcos®, exceeds the drop and prey 
‘weight, ‘Mg: Characteristic values for the phala- 
rope [W~2 mm, 2~ 5 wo 10 ul (1) indicate that 
F,Mg)> 1: Contact-angle hysteresis can safely 
support the drop’s weight In our experimental 
study, changing the orientation ofthe mechanical 
‘beaks from horizontal to vertical indeed had a 
negligible effect on the dynamics of the water 
ddeops. Conversely, wetting Slicone droplets were 
‘observed to stip downward under the influence of 
gnivity, owing to the absence of contactline 
pinning. Wetting droplets would slip if the pro- 
pulsive capillary force yWWLix were exoceded by 
the drop's weight. Because the relative magnitudes 
of these forces are given by 7aL,") ~0.1, with 
a ~S°= 0.1 rad and beak length Z ~2 em, we 
conclude that gravity would preclude capillary 
feeding if the beaks were wetting. We thus see 
‘that, although the partially wetting nature of the 
bird beaks disables static capillary propulsion 
through the introduction of an adhesive force, it 
‘enables droplet transport via capillary ratcheting, 
‘amechanism that naturally overcomes gravity. We 
thus highlight the precarious nature of capillary 
feeding: Any surface contamination that alters the 
‘wetting properties ofthe beaks represents a serious 
threat, particularly to shorebirds such as the red- 
necked phalarope that rely exciusivey on thismode 
of feeding (/). Given the drastic changes in wetting 
behavior that accompany contamination with pol- 
Iutants such as petroleum or detergents (23), our 
‘study makes clear the critical danger posed to this 
class of shorebins by chemical or ail spills (25,26). 


Contact-angle hysteresis typically resists the 
‘motion of drops on solid substrates; conversely, 
in capillary feeding, it couples with the time- 
dependent beak peometry to drive the drops. AS 
such, surface tension transport represents a pe- 
cullarity for which contact-angle hysteresis 
enables rather than impedes drop motion. By 
elucidating the dependence of the efficiency of 
the capillary ratchet on dynamic beak morphol- 
ogy, we have enabled quantitative comparative 
studies of capillary feeding across species, The 
efficiency of capillary feeding may be enhanced 
by taming the beak geometry, dynamics, and 
wetting properties. Analogous mechanisms for 
small-scale drop transport in microfluidic systems 
(27) are currently being explored. 
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Termination Factor Rho and Its 
Cofactors NusA and NusG Silence 
Foreign DNA in E. coli 


Christopher }. Cardinale,** Robert S. Washburn,?* Vasisht R. Tadigotla,* Lewis M. Brown,* 
‘Max E. Gottesman,**t Evgeny Nudler*+ 


Transcription of the bacterial genome by the RNA polymerase must terminate at specific points. 
Transcription can be terminated by Rho factor, an essential protein in enterobacteria. We used the 
antibiotic bicyclomycin, which inhibits Rho, to assess its role on a genome-wide scale. Rho is 
revealed as a global regulator of gene expression that matches Escherichia coli transcription to 
translational needs. We also found that genes in E. coli that are most repressed by Rho are 
prophages and other horizontally acquired portions of the genome. Elimination of these foreign 
DNA elements increases resistance to bicyclomycin. Although rho remains essential, such 
‘educed-genome bacteria no longer require Rho cofactors NusA and NusG. Deletion of the 
cryptic rac prophage in wild-type E. coli increases bicyclomycin resistance and permits deletion 
of nusG. Thus, Rho termination, supported by NusA and NusG, is required to suppress the toxic 
activity of foreign genes. 


the complete genome sequence of Esche- 

richia coli revealed that 90% of its nu- 

cleotide sequence could encode protein 
(D, The remaining noncoding genome is dense 
ly packed with regulatory signals for tran 
scription initiation and termination. This high 
{information density requires that transcription 
terminate precisely at operon ends to avoid in- 
terference with neighboring transcription unit 


Based on sequence, approximately half of the 
transcription units, or operons, in E. coli are 
predicted to end with a specific structure, an 


dissociate the polymerase elongation complex 
3). In contrast, transcription tenn: 
nation of the remaining half of operons cou! 


A K-12 Orthologs. B K-12. Speaiie 
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not be predicted from DNA sequence and has 
been generally assumed to rely on an adenosine 
triphosphate-dependent RNA-DNA helics 
mown as Rho factor. In the decades since its 
discovery (4), Rho has been well studied bio 

chemically and structurally (2, 5-8), but its role 
as. biological regulator is still unclear. Rho fac 

tor recognizes no specific consensus but rath- 
er binds to naked, untranslated RNA, favoring 
rich sites that contain litle secondary struc- 
ture (9-11), Rho-dependent termination sites 
‘occur frequently in operons. For example, Rho 
can stop transcription when the end of the cod 

ing information is reached (/2) and attenuate 
transcription conditionally at the beginning of 
operons (13), and even within open reading 
frames (ORFs) when mRNA is uncovered by a 
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Fig. 1. Genomic response of divergent E. colf strains to Rho inhibition. (A) 
Hierarchical cluster analysis of a concentration gradient of BCM (doses of 10, 
25, and 100 jgimi) in E. coli K-12 strain MG1655, showing only genes 
orthologous between K-12 and enterohemorrhagic E. col. Arays (columns) 
are shown in biological duplicates, normalized so that the average of each 
gene on the untreated control arrays is equal to 1 and expression in treated 
cultures is displayed as a ratio of treated to untreated. Yellow blocks rep- 
resent up-regulation by BCM, and blue represents dovm-regulation. (B) 
Response to BCM of genes present in K-12 E. coli but absent from entero- 
hhemorthagic E. coli, displayed as in (A). (C) Hierarchical cluster analysis of 
the response of orthologous genes in enterohemorthagic E. coli 0157:H7 
strain EDL933. (D) Response to BCM treatment of genes present in entero- 
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hemorthagic E. coli but absent from K-12. (€) Expression of ORFs in 
response to BCM displayed as a scatter plot of probe intensity in the control 
array (x axis) and 8CM-treated array (y axis) from a representative pair of 
arrays. The diagonal line represents equal probe hybridization intensity 
between both arrays; points above the diagonal are genes up-regulated by 
‘treatment with BOM, and points below the diagonal are down-regulated. The 
ted lines located at 100 intensity units represent the threshold below which 
probe-level analysis is 90% likely to call the probe absent. Therefore, probes 
in the upper left quadrant are ORFs whose expression was induced de novo. 
Gray points are orthologous genes and violet points are K-12—specific genes. 
() Scatter plot of probe intensity for intergenic (1G) regions of MG1655 after 
treatment by BCH. 


16 MAY 2008 


935 


fee 


nonsense mutation (14. In each case, the hy- 
pothesized roles of Rho are to prevent transcrip- 
tion from impinging on neighboring operons, 
to prevent the wasteful production of unusable 
transcripts, and to recycle polymerases prompt- 
ly to locations where they are needed. How 
ever, because only a handfil of Rho terminators 
10) have been actually located and charac- 
terized (15), there is still much to be learned 
about the role of Rho-dependent termination 
in vivo, 

To investigate the biological role of Rho, we 
assayed gene expression using the Affymetrix 
E. coli Genome 2.0 array, an in situ synthe- 
sized oligonucleotide aray covering the entire 
genome of four evolutionarily divergent E. coli 
strains: the laboratory strain K-12 MGI6SS, the 
enterohemorthagic strains O157:H7 (EDL933 
and Sakai), and uropathogenic CFTO73. Specif- 
ic and potent inhibition of Rho can be achieved 
mpidly by treatment with the antibiotic bicycio- 
mycin (BCM) (6). An advantage of chemical 
over genetic intervention is that the transerip- 
tome content of control and experimental cul 
tures remains identical unt the moment the 
inhibitor is added. Indeed, total inhibition of 
Rho termination activity camot be achieved by 
genetic manipulation because rho is an essen- 
tial gene (17). BCM is highly specific to Rho; 
it rapidly permeates cells and has no other 
known in vivo targets (16, 18). Changes in gene 
expression in response to BCM reflect, there- 
fore, a snapshot of Rho activity. Treatment of 
MGI6SS with a series of concentrations af BCM 
for short time intervals revealed a pervasive 
change in gene expression (Fig. 1). One theme 
that emerges from the array data is a widespread 
increase in the expression of genes derived from 
recent horizontal transfer into the genome of 
K-12 from other species or from defective bacte 
riophage (Fig. 1, B and D, and fig. S2B). Based 
‘on whole-genome alignment, ~14 to 18% of the 
K-12 genome differs from other families of Ecol 
tending to occur in contiguous blocks known as 
K islands (19, 20). K islands are characterized 
by an altered guanine cytosine/adenine-thymine 
(GCIAT) content, distinct codon preference, and 
reduced evolutionary conservation. The genomic 
islands are enriched in defective prophages, trans- 
posons, and insertion sequences (2/). Compar- 
ing MG16SS with the enterohemorthagic strain 
0157:H7 (EDL933) shows that the two strains 
possess 3658 genes that are nearly identical in 
sequence, as well as 648 and 1769 unique genes, 
respectively (22). As shown in Fig. 1, B and D, 
the genes unique to each strain and prophage 
genes tended to be up-regulated, with half of 
these genes increasing expression by a factor of 
‘more than 3. By contrast, aquarter of arthologous 
genes, common between the two strains, were 
up-regulated by a factor of more than 3 (com: 
pare orthologous and K-12-specific genes in 
Fig. 1E). 

We find that expression of the noncoding 
{intergenic (IG) regions is in general increased by 


Rho inhibition (Fig. 1F). Of the IG probes that 
‘were reproducibly measured, as selected by sig- 
analysis of microarrays at the 1% false 
discovery rate (25), 722% were increased by a 
factor of at least 3 and only 1% were decreased 
bya factor of at least 3. The general up-regulation 
of IG regions confirms that Rho has a global 
role in preventing synthesis of untransisted tran- 
scripts. Taken together, the array data from BCM 
treatment of E. coli indicate that Rho is inti- 
mately involved in operon regulation through- 
out the genome and is not only acting on a rare 
subset of genes or when transiation terminates 
abnormally. 

We next sought to determine whether this 
extensive perturbation in the transcriptome was 
reflected in the proteome. We used difference 
{gel electrophoresis (DIGE) to analyze the pro- 


Fig. 2. Proteomic re- 
sponse to Rho inhibition 
as detected by DIGE.Two- 
dimensional elecrophore- 
sis gel of protein tracted 
from BCMtreated and 
control cultures. Control 
protein is pseudocolored 
green, and BCM-treated 
protein is red. Differ- 
entially expressed pro- 
‘eins (indicated by name) 
were identified by mass 
spectrometry. 


tein complement of MG165S cells treated under 
the same conditions used in the microarray ex- 
periments (24). The workflow for this analy’ 
is shown in fig. S6A. Two-dimensional gels 
of fluorescently labeled proteins show that of 
3341 unique spots analyzed, 101 were increased 
a factor of more than 2 and 8 were decreased 
a factor of more than 2 by BCM treatment, 

Altered spots were robotically excised from gels, 

and the proteins were identified by mass spec- 

trometry (Fig. 2). As shown in Fig. 2 and tables 
SI and S2, among the most affected unique 
proteins is Rho itself and the RecE protein of 
the Rac prophage. For reasons not understood, 
mast of the other proteins identified are in 

volved in anaerobic metabolism and the re- 
sponse to acidic pH. Based on the microarray 
result, that many de novo transcripts of unique 


e =BCM + BCM (25 pgim!) 
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Fig. 3. Reduced-genome E. coli is resistant to Rho inhibition and deletion of elongation factors. 
NusA and NusG. (A) Hierarchical cluster analysis of ORF gene expression in strain MDS42, BCM- 
treated MDS42, MDS42 AnusA, and MDS42 AnusG. Probe intensity is normalized to the untreated 
M542 strain. (B) Efficiency of colony formation assay of the indicated strains. Cultures at dilutions 
of 10, 10~, and 10°* were spotted onto a control plate or a plate containing BCM at 25 jig/ml. 
int-KiR ‘and int-ydaE are fragments of the rac prophage that were deleted. 
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genes were being produced, we expected to see 
‘many new spots appearing on the ge! from the 
‘BCM-treated sample. However, this did not occur. 
‘The proteomic results comoborate the role of 
Rho as a general inhibitor of transcription under 
normal growth conditions. There is a profound 
excess of transcriptional output over translational 
needs when Rho activity is reduced, The lack of 
perturbation of the proteome also suggests that 
protein expression is frequently controlled post- 
‘ranscriptionally. 

Because Rho strongly represses transcription 
of horizontally transferred genes, we investigated 
synthetic £. coli strain, MDS42, that lacks these 
genes. Fourteen percent of the MDS42 genome 
has been removed by targeted deletion of pro- 
phages, IS elements, and K-island clusters (25, 26). 
Figure 3B shows that MDS42 was ~10" times 
as resistant to BCM (25 ug/ml) as the parent 
strain, MG1655. MG165S contains the remnants 
ofa lambdoid bacteriophage known as rac. This 
defective prophage carries a kil gene encoding 
an inhibitor of cell division. Deletion of rac 
alone produced levels of BCM resistance com 
parable to the MDS42 strain. The resistance was 
conferred by deletion of da! and the remaining 
downstream operon but not DNA. downstream 
of fil (Fig. 3B), 

Studies of & phage revealed that endoge- 
nous host proteins NusA, NusB, NusE (ribosomal 
protein S10), and NusG were required for the 
9. N protein to suppress transcription termina- 
tion on the phage chromosome (27, 28). NusA 
and NusG have been implicated in both Rho- 
dependent and intrinsic termination and are es- 
sential for £. coli to survive (29, 30). It was 
possible to delete both mus and nusG in strain 
MDS42, although stationary phase survival was 
‘poor, and the strains were highly sensitive toBCM 


A 


(Fig. 3B). Deleting nus ornusG also adverse- 
ly affected growth rate, increasing the doubling 
time in rich media from 32 min to 57 min and 
‘68 min, respectively. Unexpectedly, it was pos- 
sible to transfer the msG knockout allele to a 
wild-type MGI6S5 strain lacking the rac pro- 
phage alone, which indicates that suppression 
of rac gene expression is the critical function of 
NusG. 

‘Surains lacking NusA or NusG are highly 
‘similar in their overall pattem of gene expression, 
as shown by the hicrarchical cluster analysis in 
Fig. 3A and the scatter plot of intergenic region 
‘expression in supplemental fig. S2, C and D. We 
therefore conclude that these proteins nommally 
act in concert, recognizing the same elongation 
‘and termination signals. 

‘To understand the basis of how Rho inhibi 
tion could affect gene expression on such a per- 
‘vasive scale, we examined two specific operons, 
‘one in the rac prophage and one in 2. The maps 
in Fig. 4, A and B, show that the leftward 
‘operons of rac and i are homologous, which 
implies that there should be a Rho-dependent 
terminator (toga) in rac afier the racR gene, as 
there isin 2, Addition of BCM enables the RNA 
polymerase to continue through this terminator 
and express downstream genes, including the 
toxic hil gene, Reverse transcription polymerase 
chain reaction (RT-PCR) analysis reveals the 
elongated transcript (Fig. 4C). Similarly, the 
leftward operon of i (Fig. 4B) exhibits read- 
through of the ten terminator into the down- 
stream N::lacZ reporter fusion in the presence of 
BCM (Fig. 4D). The HKO22 Nun temmination 
protein, which blocks transcription elongation at 
the A.nuAl site, prevents reporter gene expression, 
‘consistent with a transcript originating from the 
Pana Promoter (31). 


Fig. 4. Effect of BCM seize 3 
on the leftward operons 

i 4 = se dete 
of rac and 7 phages (a) ~~ nS = 
‘Map of the leftward op [> Seat ae 
‘ron of the rac prophage. a — 
Gray arrows, genes; open- 


headed arrows, PCR prim- 
5; brackets, deletions of 

intR-ydaE and intR-kil; 
bent arrot, the operon’s 
promoter (Py). (B) Map 
of the homologous oper- 
‘on of 2 phage. Dashed 
lines show proposed tran- 
scripts produced. (C) RT- 
PCR using primer pais 
indicated on the map in 
panel A shows that BCM, 
‘treatment yields an elon- 
gated transcript. RT, 
verse transcriptase. (D) 
Average fi-galactosidase 
activity VacZ expression) 
from the phage strain 
shown in (8). The standard error is <5%. 
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As shown by the maps of prophages in fig. 
‘4, genes that are up-regulated by treatment with 
BCM tend to occur in consecutive series in the 
same strand orientation, suggesting that prevent- 
ing readthrough into neighboring operons is an 
{important function of Rho. Rho’s bias towant 
suppressing foreign DNA could be related to the 
ower density of the Rho-independent intrinsic 
terminators in the K-islind regions. Using the 
terminator prediction model of Lesnik et al (32), 
there is an intrinsic terminator on average every 
40 kb in the conserved regions of the genome, 
but only every 8.5 kb in the K islands (table $7) 
(32. Moreover, the genes up-regulated by treat- 
‘ment with BCM tend to be more AT rich than the 
genome as.a whole (fig. S1) and have a lower 
codon adaptation index (fig. SSB). The lower 
secondary structure of AU-tich RNA could make 
ita favored target of Rho-dependent termination 
despite Rho’s in vitro binding affinity for C-rich 
RNA, whereas the suboptimality of transiation in 
‘genes with poor codon preference leaves them 
‘open to Rho. 

Our resuits reveal Rho factor asa global reg- 
ulator of bacterial gene expression under nor- 
‘mal growth conditions. Rho serves the crucial 
role of maintaining transcriptional boundaries 
throughout the genome. In particular, Rho is 
responsible for silencing horizontally transferred 
DNA elements, some of which are detrimental 
to the host. Recently, H-NS protein has been 
‘implicated in selective silencing of foreign DNA 
in Salmonella by acting at the leve! of promoter 
{initiation (33). Rho-dependent termination may 
represent a separate “immunity” system that pro- 
tects bacterial cells from the hamnful activity of 
certain foreign genes. The existence of such dif- 
ferent defensive tools against new acquisitions to 
the genome underscores the importance of this 
phenomenon for bacterial evolution. 
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Genome-Scale Proteomics Reveals 
Arabidopsis thaliana Gene Models 
and Proteome Dynamics 


Katja Baerenfaller,** Jonas Grossmann,**> Monica A. Grobei,>* Roger Hull,* 
Matthias Hirsch-Hoffmann,* Shaul Yalovsky,* Philip Zimmermann,? Ueli Grossniklaus,?* 
Wilhelm Gruissem,**"* Sacha Baginsky*** 


We have assembled a proteome map for Arabidopsis thaliana from high-density, organ-specific proteome 
catalogs that we generated for different organs, developmental stages, and undifferentiated cultured 
cells. We matched 86,456 unique peptides to 13,029 proteins and provide expression evidence for 57 
gene models that are not represented in the TAIR7 protein database. Analysis ofthe proteome identified 
‘organ-specific biomarkers and allowed us to compile an organ-specific set of proteotypic peptides for 
4105 proteins to facilitate targeted quantitative proteomics surveys. Quantitative information for the 
identified proteins was used to establish correlations between transcript and protein accumulation in 
different plant organs. The Arabidopsis proteome map provides information about genome activity and 
proteome assembly and is available as a resource for plant systems biology. 


equencing of complete genomes has ad- 

‘vanced our understanding of biological 

systems, mostly by enabling a broad range 
of technologies for the analysis of gene fime- 
tions and by providing information about the 
theoretical protein-coding capacity of organisms 
(2), Because proteins are usually the effectors of 
biological fumetion, knowledge about their ex- 


To assemble a high-density Arabidopsis 
proteome map, we performed 1354 LTQ Cinear 
‘rap quadrupole) ion-trap mass spectrometry runs 
‘with protein extracts from six different organs 


[fg Sl, table S1, and (5)}. The resulting data 
files were analyzed with two search algorithms, 
PeptideProphet (6) and PepSplice (7) (fig. S2). 
We identified 13,029 proteins with 86,456 unique 
peptides originating from 790,181 tandem mass 
spectrometry (MS/MS) spectrum assignments at 
a false-discovery rate below 1%. The data set 
of 13,029 proteins is formed by merging the 
set of 10,902 distinct proteins identified from 
plant organs, including roots, cotyledons, juve- 
leaves, flower buds, open flowers, carpels, 
siligues, and seeds, with the set of 8698 proteins 
identified from undifferentiated cultured cells 
(Hable 1). Together, these proteins represent as- 
signments for nearly 50% of all predicted Ara- 
bidopsis gene models. Our data set is publicly 
available in the PRIDE database (8, 9), together 
‘with information sbout protein and peptide iden- 
tification, as well as the comesponding origi- 
nal MS/MS spectra to ensure compliance with 
the current standards for proteome data depo- 
sition (MIAPE) (10). The data can be queried 
in the PRIDE BioMart at www.ebi.ac.ukipride/ 
prideMar.do, and an enhanced view of the 
data set is available from our server at www. 
AtProteome.ethz_ch. 


Table 1. Number of assigned spectra, distinct peptides, and proteins in different samples and 
organs. Mol. mass, average molecular mass in kD. 


pression levels provides relevant information for plant tissue Spectra Distinct peptides Proteins Mol. mass 
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We evaluated the distribution of the identi- 
fied proteins into different biological processes 
on the basis of the TAIR7 Gene Ontology (GO) 
annotation (12), using the efim method pro- 
‘vided with topGO (12), and performed Fisher's 
exact test to assess the significance of over- or 
underepresentation of GO categories compared 
with all proteins in the Arabidopsis database. 
Our analysis revealed an underrepresentation 
of known low-abundance proteins, such as 
those involved in transcriptional regulation 
and signaling, and an overrepresentation of 
proteins involved in basic metabolic processes, 
including glycolysis, photosynthesis, cellulose 
synthesis, and translation (fig. S3). We further- 
‘more observed a preferential detection of large 
proteins (Table 1). This known bias is partiou- 
larly pronounced for very complex protein mix- 
tures in high-throughput proteomics (3, 23). In 
order to mitigate this detection bias, we enriched 
for low-molecnlar-mass proteins from cultured 
cells by altemative ge! electrophoresis on 10% 
‘Tricine gels, This approach added 714 (-9%6) 


A rerant STASTIS" and ~ AToo0041 
aragi17390 
Pepnises 


B piferent STOP/a" and ~ AT000017 


‘protein identifications with an average molecu- 
Jar mass of 41.2 KD to the cell culture protein 
set (Table 1). 

PepSplice was specifically designed for 
operating in large search spaces (7), which 
allowed us to identify peptides containing post- 
translational modifications (5) and peptides with 
nontryptic ends in extended database searches, 
including protein N tenmini with N-temninal 
acetylation or with their initiator methionine 
removed (tables S2 and S3). Most of the de- 
tected modified peptides were either 
‘at methionine (10,089) or tryptophan (347) or 
carbamidomethyiated at cysteine (11,373). 
‘Amino acid carbamidomethyiation and oxida- 
tion usually occur during sample preparation 
in vitro, but a fimnction for methionine and 
tryptophan oxidation in signal transduction in 
vivo is currently being discussed (14). We al- 
30 identified 195 N-terminal acetylated pep- 
tides. Because acetylation can be catalyzed by 
acetyltransferases in vivo, the identified pep- 
tides provide information about the substrate 


D piteren sping ~AT000019 


13006590 SEE -eneere ee eee 


Peptides mmm 
E iterent reacing frame — ATOOOOS3 
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‘L. New or alternative gene models identified by expression evidence from identified peptides. (A 


to E) Five examples of newly identified gene models. The upper blue line depicts the gene model in 
the TAIR 7 protein database, the red boxes indicate the localization of the peptides identified in the 
whole-genome search, the blue boxes are the peptides of the corresponding gene model identified in 
the standard protein database search, and the gray line represents gene prediction by alternative 
gene prediction tools [Genscan (16), Twinscan (27), EUGENE (28)]. The different categories of gene 


‘model revision 


include (A) evidence for a different START/S’ end for gene model AT4G17330, (8) 


evidence for a different STOP/3’ end for gene model AT2G42600, (Q) evidence for gene expression in 
the intergenic region between the two gene models AT3G49600 and AT3G49610, (0) evidence for 
different splicing of AT3G06530, and (€) evidence for a different reading frame within gene model 


ATSG39570. 
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spectrum and activity of acetyltransferases 
(table $3). 

We used the PepSplice extended search func- 
tionality to match all MS/MS spectra against 
the TAIR7 genome database and identified pep- 
tides from genome regions that have no anno- 
tated protein-coding capacity. We required atleast 
two distinct peptides to support a gene mode! 
different fiom those in the Arabidopsis protein 
database, We found 57 new or altemative gene 
‘models based on 261 unambiguously identified 
tunique peptides from 2671 spectrum. assign- 
ments, The revised gene mode's (Fig, 1 and 
table S4) fall into several different categories. 
For 22 annotated gene mode's, we found difter- 
ent 5’ or 3’ ends. In seven gene models, peptides 
were idemtified in predicted intron sequences. 
We also identified peptides from seven inter 
genic regions and 15 pseudogenes, which sug- 
ests that these genome regions are expressed, 
‘Six of the detected pseudogenes are related to 
‘open reading ffames in transposable elements, 
Which are often listed as pseudogenes, although 
some are known to be transcribed and translated. 
Expression of the pseudogenes was further val- 
‘dated by analysis of recent TILING arays, in 
which 12 of the 15 pseudogenes were found 
to be transcribed (15). For two annotated gene 
models, we were able to establish a different 
open reading frame, whereas four new gene 
models represent a mixture of the different cat- 
egories detailed above, Altogether, EST evidence 
‘was found for 185 out of the 261 peptides in 
GenBank (table $4). Genscan, a de novo gene 
prediction algorithm (16), calculated 226 of the 
261 peptides, which encompassed S1 of the 57 
new or altemative gene models (table $4), 

We used topGO to compare the GO cat- 
egory distribution of the cataloged proteins in 
each Arabidopsis organ with the distribution 
of proteins in the entire map of identifi 
Arabidopsis proteins (1, 12). Proteins in GO 
categories translation and gheolsis were over: 
represented in all organs, whereas proteins were 
overrepresented for photosynthesis and chlaro- 
last organization in leaves; for intracellular 
‘protein transport, respanse to axidative stress, 
and taxin catabolic process in roots; and for 
response to heat stress and embryo development 
in seeds (Fig. 2A and table $5), Thus, each plant 
organ can be assigned a specific and fun 
tionally significant proteome map. Proteins in 
the GO category RNA metabolism were over- 
represented in the proteome of cultured cells, 
which may reflect their high cell-division rate 
and their unique metabolism in the presence 
of sucrose, 

For a more detailed comparison of the dif: 
{erent organ proteomes on a genome-wide scale, 
‘we modified the APEX-indexing method to cal 
culate approsinnate abundance values fr all iden- 
tified proteins (17). From the values obtained for 
ach protein in the different organs, we calcu- 
Jated a correlation matrix to assess the degree of 
‘Smilaity between the different organs (Fig. 2B) 
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‘The pairwise comparison of undifferentiated cul- 
tured cells as a reference with cells from differen- 
tiated organs resulted in Spearman rank correlation 
values ranging from 0.33 for the seed proteome 
up to 0.46 for the root proteame. Among the 
proteomes of differentiated organs, the comela- 
tion values range from a minimum of 0.39 be- 
‘tween the root and leaf and the seed proteome 
to a maximum of 0.60 between the flower and 
silique proteome. These corelation coefficients 
support the results in Fig. 2A and indicate that 
specialization between different plant organs 
{s reflected in the differential accumulation of 
proteins, 

‘We next identified proteins from our data set 
that were found in only one organ, no others, 
with at least three different spectra. These pro- 
teins we called “organ-specific biomarkers.” The 
biomarkers are enriched for specific fimctional 
categories (fg. S4 and table S6) and support the 
GO term assignments of organ-enriched fime- 
tional proteome maps (Fig. 2). Our list of S71 
organ-specific proteins (ble S7) may help iden- 
tify cis regulatory elements that contro! the organ- 
specific expression of the comesponding gene 
mode's. We compared the distribution of the S71 
‘organ-specific biomarkers (table S7) with the dis- 
tribution of biomarkers identified with tran- 
scriptional profiling, by using the Genevestgator 
anatomy profiles (18). We found that the two 


biomarker data sets cluster similarly in the dif- 
ferent organs, which validates the specificity of 
‘biomarker detection using proteomics and tran- 
scriptomics (fig. S5) 

‘After quantifying proteins using the modi- 
fied APEX indexing method described above, 
‘we integrated transcriptional profiling data from 
Genevestigator with our proteomics data to as- 
sess the correlation between transcript levels and 
protein accumulation in different organs (78). Our 
proteome analysis preferentially detected pro- 
teins that are expressed at higher transcript fre- 
quencies (Fig. 2C). To quantify this effect, we 
calculated the comelation coefficients from the 
‘wanscript and protein levels in the different or- 
sgzans. The highest comelation coefficient of 0.68 
‘was found for leaves, and the lowest, 0.52, was 
found for seeds (fg. S6). Seeds contain a high 
percentage of stable storage proteins that are 
deposited in protein bodies, which could explain 
the low correlation between transcript and pro- 
tein accumulation compared with other organs. 
Although transcript and proteomics data were 
obtained from similar, but distinct, samples and 
fiom different experiments, the positive comela- 
tion in the different organs suggests that this ap- 
proach is robust. Overall, the correlation analysis 
between transcript and protein accumulation at 
a genome-wide scale suggests that the accu- 
‘mulation of proteins in Arabidopsis is primarily 


Transcript abundance m4 


Fig. 2. Characterization of protein identifications. 
(A) Functional classification of proteins into TAIR 
GO categories from the aspect “biological process” 
with topGO using the elim method (12, 12). 
Fisher's exact test was used for assessing GO term 
significance. Shown are the overrepresented GO 
‘categories of the proteins in each of the organs as 


_(~Seeds compared with all identified proteins with a P value < 10°. 

Roots _(B) The Spearman rank correlation coefficients between the 
28 of proteins identified in each organ. (C) The distribution 
‘of protein identification in relation to transcript levels (Le, 
the log-transformed arithmetic mean of transcript levels) 
‘Shown in blue are those proteins that were not detected in 
‘our proteome analysis, even though their genes are rep- 
resented on the Affymetrix Genechip array and in red, those 
for which the protein was detected. 


regulated at the transcript level. More detailed in- 
formation will be required to establish the level of 
postiranscriptional control for individual genes. 
‘Targeted quantitative proteomics requires com- 
prchensive information about detectable peptides 
that unambiguously identify a protein. Predic- 
tion efforts depend on peptide properties and 
are usefid but limited in reliability, because ion 
suppression effects from coeluting analyte mol- 
cules influence which peptides are detectable 
(@9). With the constraint that a peptide must be 
detected with at least three different spectra in a 
faction (table S1) in order to be considered pro- 
teotypic, we found that the majority of proteo- 
typie peptides were only detected in one fraction 
cr organ, and only a few peptides were detected 
multiple times (Fig. 3, A and B), One possibil- 
ity to establish a selection of reliably detectable 
peptides is to consider only those peptides as 
proteotypic that are observed in more than SO% 
of all identifications of the corresponding pro- 
tein (20). Such a strict definition, however, does 
not allow for a systematic assessment of peptide 
traceability, because it does not distinguish be- 
tween peptide samples that were generated with 
different extraction methods or from different 
plant samples. An dhustrative example for this issue 
fs acetyl-CoA C-avetyitransterase (ATSG48230), 
for which different peptides were detected in dif 
ferent organs and different fractions (Fig. 3C), 
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. 3. Organ- and fraction-specific A 
detection of proteotypic peptides 
(A) Distribution of proteotypic pep- 
‘tides in different organs. The majority 
(65%) ofall protectypic peptides re- 
ported here were detected in only one 
organ (see number of organs, 1), with 
a pronounced drop in the number of 


proteotypic peptides identified in more = 4000 
than one organ, and only 13% ie 
tified an all organs. (B) Distribution of 2 2000 
proteotypic peptides in diferent frac- 2 


‘tons. The same trend as in (A) ap- 
pplies to the detection of proteatypic 
Peptides in different fractions. (Q 
‘Example for the fraction- and organ- 
‘specific detection of proteotypic pep- 
tides (gray boxes) from acetyl-CoA" 
‘Cacetyttransferase (AT5G48230). 


The Arabidopsis proteome map provides a 
detailed map of 14,867 organ-specific proteo- 
‘ypic peptides, which accounts for the diverse 
composition of protein samples and confers 
higher sensitivity to proteotypic peptide selec- 
tion for targeted and quantitative proteomics. 
Similar proteome maps are available for Dro- 
ssophila, human, and yeast, and the Drosophila 
and human proteome maps have pointed 10 
Rene structures not identified by other means 
G, 21-23). Collectively, these proteomics data 
complement other strategies for genome an- 
notation and gene prediction. The quantitative 
proteome map we have assembled for Arabi- 
dopsis wil also facilitate genome-scale tran- 
script and protein abundance correlation analyses 
to increase our understanding of gene expression 
conto! in specific tissues or organs (24, 25). The 
library of Arabidopsis organ-specific proteo- 
typic peptides now allows expanding quanti- 
‘ative correlation analyses to high-resolution 
surveys of metabolic or regulatory pathways, 
or even individual enzymes, by sensitive de- 
tection and quantification of minute amounts 
of protein (26). Organ-specific proteotypic pep- 
tide maps are Key to the successful design of 
such targeted proteomics surveys (supporting 
online material) and allow proteomics to be used 
as a routine scoring method in plant systems 
biology. 


wwwsciencemag.og SCIENCE VOL 320 


‘Number of proteotypic peptides) 


o 8 338 8 8 


2 1 Cox Mt Mann, Cet 130, 395 2607. 
3 Brunner ef of. Net Biotechnol. 25, 576 2007) 
41. Erikson, D.Femo, Nat Biotechnol 25. 652 


7. FE Rooset ol. Biinfrmatis 23, 3016 (2007). 


14 ER Sudan, Free Roc Res 40, 1250 2006). 

15, K Yamada eta, Science 302. 852 QOOR. 

16, CB. Burge 5. Karin, Cir. Opn. Since Bi, 8,386 
998) 

17. Pl C Vogel R Wong. X Yao, EM. Manote, 
‘ot, Bitechnol. 25, 137 2007) 

1 P Zarwermana, M. Wirt Hoftrann, L Menai, 
1. Geisiem. Poot Physot. 136, 2621 (2008), 

19, TM Aanedey, Gin. Chem 49. 1082 2003, 

26. F Malick eto ot Biotechnol 25, 125 007). 

22 NL King et a. Genome Biot 7. RIGE (2006). 

22. F Desire et ol, Mace Acids hes 34, DOSS 
‘20061, 

23, S. Taner e ot, Genome Res 17, 231 (2007. 

28 K Gallardo e of, ol. Celt Proteomics 6, 2165, 
2007. 

25, T Ketmann et at. Cur. Biot 14, 354 (2000. 


16 MAY 2008 


REPORTS L 


26. B. Kuster, M.Sc, P. Mall, R, Aebersold, Not. Rex 
Mot Cal Bio 6, 577 (2005) 

2. kort. Pek, D. Duan, MLR Brent, Bioinformatics 
17 Guppl 2), $240 002. 

28. & Fis. T. Shee UIC Bicnformat. 6, 25 
2005), 

29. We thank the Functional Genomics Canter Zurich, 
specially 3. Rohs, C Panse, and M. Sebi for 
[ordng ntacrucure and techn‘! support: 
Sumner ram she Center for Hadel Organism 
Proseomes (CMO fr project cornaton; and 
J. Faterer tom the Insitute of Plant Sciences for 
ical reading ofthe manuscript. We als thank our 
Callsgues2t the Ewopean Bioinformatics Insitute for 
‘heir help in building the PRIDE Arabidopsis peptide 
database. This work was supported by the Syremsk, 
lniatie of ETH Zach (C8, MG, $8) and the 
Univesity Research Pray Program in Stems 
‘ologyFunctional Genomics (UG and RAG) 

“a the Samesork ofthe CO? projec. and bythe 
European Framework Programe 6 AGRON-OMICS 
projet 'SHG-CT-2006-03776, W.G). SY, was 
supported by 2 sabbatical fellowship provided by 
TH Zurich 


18 March 2008; accepted 15 Apel 2008 
FPubtished onine 26 Ap 2008: 

1 wrRéladence 1157956 

inch shi ‘formation when cing thie paper 


941 


Bisa 


Cell Identity Mediates the Response of 
Arabidopsis Roots to Abiotic Stress 


José R. Dinneny,"*t Terri A. Long,** Jean Y. Wang," Jee W. Jung,* Daniel Mace,” Solomon Pointer,* 
Christa Barron,’ Siobhan M. Brady," John Schiefelbein,> Philip N. Benfey**z 


Little is known about the way developmental cues affect how cells interpret their environment. 
We characterized the transcriptional response to high salinity of different cell layers and 
developmental stages of the Arabidopsis root and found that transcriptional responses are highly 
constrained by developmental parameters. These transcriptional changes lead to the differential 
regulation of specific biological functions in subsets of cell layers, several of which correspond to 
observable physiological changes. We showed that known stress pathways primarily control 
itous responses and used mutants that disrupt epidermal patterning to reveal 
cell-layer-specific and inter-cell-layer effects. By performing a similar analysis using iron 
deprivation, we identified common cel-type—specific stress responses and revealed the crucial 
role the environment plays in defining the transcriptional outcome of cellfate decisions. 


igh salinity is an important agricultural 
He () and has complex effects 
‘on root physiology. Although a small set 
of studies has begun to explore sait responses at 
the cell-type-specific level (2, 3), it remains un- A B 
clear fo what extent cel identity influences stress 
responses and what mechanisms enable this reg- 
ulation, To directly address these issues, we gen- 
erated a genome-scale, high-resolution expression 
‘map for roots grown under standard and high 
salinity conditions (4). We frst performed a phe- 
notypic analysis using diferent concentrations of 
salt and a time-course analysis [TC dataset in the 
supporting online material (SOM) text, Fig. 1, A 
and F, fig. S1, and tables Si and S2)} of the 
response of whole roots to salt to select the 
specific parameters (1 hour of exposure to 140 
‘mM NaC!) for our spatial microarray analysis. 
The root of Arabidopsis grows from stem 
cells atthe tip. We dissected roots into four lon 
gitudinal zones (LZ data set in Fig. LA and table 
SI) for analysis, using the position of cells along 
the longitudinal axis as a proxy for developmen- 
tal time (fig. $2) (5). Cell identity varies along the 
rail ais; epidenmat cells consti the outermost 
tissue, followed by the cortex, endodermis, and the 
central stele (fig. S2). Cell-type-specific transcrip- 
tional profiles were generated by fluorescence- 
activated cell sorting (FACS) of roots that express 
green fluorescent protein (GFP) reporters in spe- 
cific cell types (6, 7) (RZ data set in Fig. 1A and 
table SI). Six different GFP reporters were used 
to profile all rial zones, including the columella 
root cap and phloem vasculature (fig. S3-and 
table $3). Intact roots rather than protoplasted or 


{isolated populations of cells were exposed to salt 
to ensure that the observed transcriptional 
response occurred in the context of the whole 
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— 
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‘organ. We performed control experiments to test 
the effects of sorting on salt-responsive genes 
(SOM text and tables S4 and SS) and used GFP 
reporters (8) along with image analysis software 
(P10 validate the accuracy of the RZ microarray 
data (Fig. 1, B to D, and figs. $4 and S5) 

With stringent statistical significance criteria, 
‘we identified increasing numbers of differentially 
expressed genes at higher spatial resolution: 
238 (at 1 hour), 1173, and 3862 genes were iden- 
tified in our TC, LZ, and RZ experiments, respec- 
tively (Fig. 1A and table S2). Genes reguiated in 
our TC experiment tended to respond to salt 
stress in multiple radial or longitudinal zones, 
whereas the majority of genes regulated in the 
spatial datasets changed in only one zone (Fig. 1, 
E.G, and H, and fig. $6). 

One explanation for the prevalence of cell: 
type-specific responses may be that salt might 
not have fully penetrated all root tissues, which 
Jed to localized responses. We found, however, 
that intemal tissues tend to be highly responsive; 
48% of salt-esponsive genes were regulated in 
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Fig. 1. Salt-stess microarray data sets. (A) Venn diagram showing overlap between data sets (2-hour TC 
comparisons in parentheses). (B to D) Salt-esponsive GFP-reporter [(B) and (Q)] for At3g49760 and 
associated microarray data (D). EPI, epidermis and lateral root cap; COL, columella root cap; COR, cortex; 
END, endodermis and quiescent center; STE, stele; PHL, protophloem. (E) Percentage of genes regulated 
in one to six cell types identified in the TC and RZ data sets, respectively. (F to H) Ten most common 
‘transcriptional changes in each data set and percent of responsive genes in each experiment (bottom 
row). Yellow indicates up-regulated genes; blue indicates down-regulated genes. (I) Enriched Gene- 
Ontology categories. () Expression pattems for cell-shape regulators in response to salt. (K and L) Cortex 
cells (arrowheads) swell in response to salt. cob-I mutants are hypersensitive to NaC. Scale bars indicate 
50 um [(B) and (©) and 30 im [00 and (0). 
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the cortex (Fig, 1H), and similar mumbers were 
regulated in the stele (2894) and in the epidermis 
31%), Along the longitudinal axis, an increase 
{n salt responsiveness correlates with the be- 
ginning of the elongation zone, in which cells 
begin to acquire their final shape and function 
ig. 16). 

“Testing our LZ and RZ. data sets for enrich- 
‘ment in Gene-Ontology (10) annotations (Fig. 11, 
fig. S7, and tables $6 and S7), we found 50 to 
'82%6, respectively, of enriched categories are zone- 
specific (ig, $8), indicating that sait stress regulates 
distinct processes on the basis of developmental 


context. Categories associated with stresses, in- 
cluding abscisic acid (ABA) response, tend 10 be 


most previously characterized stress-response 
genes are not cell-type-specific. 

Salt stress results in radial swelling of the 
outer tissue layers of roots (Fig. 1K and fig. $9) 
(2D, resembling plants with mutations in genes 
{important for cell-wall biogenesis or with re 
duced tubulin expression. Several of these genes 
are repressed in the cortex and epidemmis, inciud- 
ing COBRA (COB) (#2), RADIAL SWELLING3 
(RSW3) (13), TUBULIN ALPHA-5 (TUAB) (14), 


Fig. 2. Regulation of salt responses. (A) Enriched known cis-elements. Gene sets in red con 
fewer than 50 genes, Shading indicates increasing statistical significance from P = 1 x 10” to 


1x °; yellow box indicates cell-type-specific enriched cis elements. Figure S1OA shows cis 
elements enriched in salt-repressed gene sets. (B) ABA-marker genes are up-regulated and 
enriched (asterisks, P < 1 x 10~) in all cell layers. (C and D) The aba-2 mutation significantly 
affects semiubiquitous and cell-type-specific salt-responsive genes (asterisks, P < 0.05). (E) 
DREBZA overexpression (OE) targets tend to be regulated in multiple cell types by salt. (F and G) 
Gene sets regulated by epidermal patterning and salt stress. (H) Hair-cell regulators are 
dynamically expressed in response to salt. 1 and J) Hair-cell outgrowth is transiently suppressed 


by salt stress. Scale bars, 100 um {()) and ()]. 
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and KOBITO! (KOB!) (15) (Fig. 1). Gene- 
Ontology categories associated with these 
fimctions are also enriched (Fig. 11). Consistent 
with these findings, a hypomorphic allele of COB 
enhances the salt-regulated radial swelling of the 
cortex, indicating that the expression changes 
facilitate the cell-shape changes (Fig. 1, K and L, 
and fig. $9). 

We compared cis-clement enrichtnent in the 
promoters of genes regulated in a zone-specific 
manner with genes regulated in at least three 
‘zones (semiubiquitous responders) for the LZ. and 
RZ data sets, respectively (Fig. 2A and table S8) 
Inthe IZ dataset, enrichment of many known cis 
elements, such as drought-responsive element 
(DRE) (76) and ABA responsive element (ABRE) 
(17, 18), was observed in both gene sets, whereas 
enrichment was largely limited to the semniubiq 
uitous gene set in the RZ data set. Thus, although 
canonical stess-response pathways appear to be 
active inal cell layers, cll type-specific responses 
are distinguishable atthe promoter level and prob- 
ably controlled by other cis elements, This suggests 
that cel-type-specific salt responses are not sim- 
ply controlled by a combination of stress- and 
developmental-egulatory elements in a single 
promoter 

The plant hormone ABA is nown to mediate 
stress responses, and ABA-tesponse mutants are 
party resistant to high salinity (19). Strong en 
‘ichment of ABRE cis elements in the promoters 
of semiubiquitous responders suggested that 
ABA activity is present throughout the root. To 
test this, we examined the salt responsiveness of 
hhormone-marker genes (20), We find enrichment 
of up-regulated ABA-marker genes in all cell 
layers of the moot (Fig. 2B and table S9) but not 
for other hormones (fig. $10B). This apparent 
Widespread activity suggested that ABA might 
primarily mediate semiubiquitous transcriptional 
responses to salt. We therefore monitored the ef- 
fects of ABA deficiency on the expression of a 
sctof celltype-specific, salt stress-activated genes 
(21, 22), We find that salt induced expression is 
diminished for many of these genes, similar to a 
collection of semiubiquitous responders also 
tested (Fig. 2, C and D). Together, these results 
indicate that ABA regulates cell-type-specific 
responses to salt stress in a manner independent 
of characterized ABRE elements 

DRE and its derivatives are bound by a subclass 
of APETALA2 (AP2)- and ethylene responsive 
lement-binding protein-type transcription factors, 
such as DREB2A (23, 24). Suong DRE enrich- 
‘ment is detected in genes up-regulated in at least 
three radial zones (Fig. 2A). Consistent with this, 
DREB2A is expressed in all cell ayers under salt- 
stress conditions (fig. S10C), Recently, potential 
direct targets of DREB2A have been identified 
(25). These targets tend to be up-regulated by 
salt in at least three cell types at a higher fre 
quency than expected (P= 6.5 * 10°, Fig. 2E, 
and table S10), supporting the hypothesis thatthe 
DRE/DREB?A regulatory module primarily con 
trols semiubiquitous responses. 
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‘To understand how developmental pathways 
regulate salt responses, we transcriptionally pro- 
filed three mutants that alter cell-fate decisions in 
the epidernis: werewolf ny623, caprice tiptychon 
26), and scrambled (27) (fg. S11, Ato D, and 
table S11). By using less-stringent significance 
criteria to aid in the identification of ce!l-type— 
specific responses, we identified four sets of genes 
‘whose activation or repression by salts dependent 
on correct epidermal patterning (Fig. 2, F and G, 
fig. SLI, P and G, and table $12). One gene set 
‘whose expression is hair-identty-dependent and 
repressed by salt shows enriched epidermal ex- 
pression in the RZ. data set under standard con- 
ditions, indicating that these genes are likely to be 
hair-cell-specific and salt-responsive (Fig. 2F) 
Root hair elongation i inhibited by sait sess (25), 
and we find that many of these repressed genes 
encode structural components of the ceil wall 
(P=1 * 10° orare involved in trichoblast (hair- 
cell precursor) differentiation (P = 1 = 10™), 
Several of these genes, sich as COBL9 (29) and 
ROOT HAIR DEFECTIVE? (RHD2) (30), show 
fluctuating expression in the TC data set (Fig, 
2H). By quantifying trichoblast cells that failed to 
form hairs, we were able to track the effects of 
salt stress on hair development. Hair outgrowth 
‘was initially suppressed by salt stress, then 
resumed after 8 hours of treatment (Fig. 2, 1 and 
J,and fig. SITE). Thus, the response of roots is not 
static but changes over time, potentially asa result 
of adaptation. 

Unexpectedly, 51% of the genes whose ex- 
‘pression is affected by salt and epidermal pat- 
‘eming are exclusively regulated in nonepidermal 
cell types, based on the RZ. data set (table S12) 
‘Thus, cell-fte decisions may have nonautonomous 


effects on responses in other cell layers. We also 
{identified 47 genes that respond most dramati- 
cally in hitless caprice triptychon mutants, 
{indicating that a component of the variation in 
response is a direct outcome of changes in cell 
{identity and not soley the effects of enhanced salt 
absorption in genetic backgrounds that develop 
hairs (fig. SL, F and G, and table $12). 

‘To determine whether the trends we observed 
for salt stress hold for other environmental stinmul, 
‘we generated TC, LZ, and RZ data sets for roots 
exposed to iton-deficient media (-Fe, tables S1 
and S2; control experiments described in SOM), 
On the basis of the TC data, we performed the LZ 
and RZ profiling at 24 hours. Iron is a necessary 
micronutrient and is used in diverse processes 
fiom photosynthesis to metabolism. Similar to 
the salt stress data set, increasing numbers of 
differentially expressed genes were detected with 
increasing spatial resolution [at 24 hours: TC, 
111 genes; LZ, 142 genes; and RZ, 1318 genes} 
ig. 3A), Most genes are regulated in a zone- 
specific manner (Fig. 3, B to D, and fig. S12, A 
and B). Unlike salt stress, iron deprivation 
elicited the strongest transcriptional response 
after 24 hours of treatment in LZ 4 (85%) and 
in the stele (36%), where iron is predominantly 
stored in seeds and circulated in adult plants (31) 
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Fig. 3. Iron-deficiency microarray data sets. (A) Venn diagram showing overlap between data sets 
(cchour TC comparisons in parentheses). (B) Iron-deficiency responsive GFP reporter (At1 908930) 
and associated microarray data (C). (D) Percentage of genes regulated in one to six cell types 
identified in the TC and RZ data sets, respectively. (E to G) Ten most common transcriptional changes 
in each data set and percent of the total responsive genes in each experiment (bottom ron). Yellow 
indicates up-regulated genes; blue indicates down-regulated genes. (H) Regulation of putative and 


known iron-deprivation response genes. Yellow 
regulated genes (At5g53550, FDR = 2.7 x 10 


indicates up-regulated genes; blue indicates down- 


~*). (0 Enriched Gene-Ontology categories. miRNA, 


microRNA; RNase, ribonuclease; GTPase, guanosine triphosphatase. Q) Expression pattems forcell-wall 
biogenesis genes in response to iron deprivation (At3949840, At3954580, At4g08410, AtSg06630, and 
‘At5g06640). (K) Root hairs are shorter and misshapen (arrows) in response to iron deprivation. Scale bars, 


50 jum [(B)and (). 


3, E to G, and fig. S12), Putative and 
known genes encoding iron transporter, chelator, 
storage, metabolic, and regulatory proteins 
responded in a cell-type-specific manner (Fig. 
3H and table S18) (32, 33). The stele response 
‘was enriched for generalized stress responsive 
‘genes and suggests that iron deficiency may be 
sensed intemally (Fig. 3). Consistent with known 
roles in nutrient absorption, genes activated in 
the epidennis were enriched for meta!-ion transport 
and nicotianamine (metal chelator) biosyn- 
thesis (Fig. 31, ig. SI2A, and table $7). Addi 
tionally, cell-wall biogenesis and organization 


genes, such as the protinerich extensins associated 
With roothair morphogenesis (29), were down- 
regulated in epidermal cells and may explain 
the observed changes in root-hair morphology 
Fig. 3, Jand K) G4). 

‘A comparison of the two RZ data sets re- 
vealed that 20% of salt-sesponsive genes also 
responded to iron deprivation (Fig. 4B and table 
S15). Of these, about half are scored with similar 
transcriptional changes across all five cell types 
(Fig. 4A). We initially hypothesized that semi- 
ubiquitous sait-responsive genes would be most 
likely to encompass a general stress response; 
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Fig. 4. Comparison of 
stresses. (A) Percent of iron- 
deprivation and salt- 
stress-coregulated genes 
that exhibit identical (re- 
gion 5) or completely dis 
similar egion 0) regulation 
in the RZ data set. (B) Per- 


cent of salt-stress-responsive genes that are also iron-deprivation responsive and the number of cell 
layers in which those genes respond under sat stress. Overall overlap is 20% (redline). (Q Super cluster 
(no. 406). Figure S13 lists other super clusters. (D) Gene-Ontology categories enriched in gene sets with 
environment-dependent cell-type—specific expression. (E) Percent conservation of cell-type-specific gene 
sets comparing standard conditions with stress gene sets, respectively. (F) Gene-Ontology categories 
enriched in gene sets with environmentindependent cell-ype—specific expression. (G) Chloroplast 
enrichment in the cortex (C). Chloroplasts also accumulate in the pericycle, which was not specifically 


profiled in these experiments. Scale bar, 50 yim. 


hhowever, genes responsive to salt in all five 
layers are the least likely to be coregulated by 
iron deprivation, indicating greater environ- 
‘mental specificity for these genes (Fig. 4B). This 
suggests that cell-type-specific biological pro- 
cesses are common targets for stress regulation, 
‘whereas responses occurring in all cels must be 
finely tuned for specific stim. To better under- 
stand shared responses, we used the Affinity- 
Propagation clustering algorithm (35) to identify 
gene sets that coclustered in the iron-deprivation 
and saltstress data sets (super clusters, table 
SIS), The largest set of coregulated genes dis- 
played concerted down-regulation in the epi 

dermis and encoded genes important for protein 
biosynthesis (Fig. 4C and fig. SI3A). Both 
stresses result in reduced root length (figs. SI, 
‘Ato C, and $12C); this super cluster may rep- 
resent a common stress module associated with 
growth suppression. 

Previously we have shown that under stan- 
dard conditions, many biological functions are 
regulated in a cell-type-specific manner (6, 36) 
(On comparison of expression under standard con- 
ditions with these two stresses, we find that only 
15% of cell-type-specific biological fmctions en- 
riched under standard conditions are conserved 
ig. 4D, fig. S13, E and F, and table S16). Thus, 


the majority of a cell type’s unique physiology is 
environment-dependent. Although the percent of 


for most cell types, the epidemnis consistently 
showed the least conservation (13 to 15%) (Fig. 
4E). This trend holds despite the epidermis not 
being the most responsive cell type for either 
stress and suggests the functions that define this 
layer are particularly dependent on environmental 
constraints 

We identified 244 genes that are cell-type— 
specific and whose expression pattern does not 
substantially change with either stress (ible S16) 
‘Enriched Gene Ontology categories are consistent 
‘with known fimetions, and we discovered chloro- 
plast accumulation as a nove! feature of the cortex 
in light grown roots (Fig. 4, Fand G). Additionally, 
this gene set is enriched for many known regulators 
of cell identity (table S17), suggesting that a small 
set of core regulators maintain cell idemtity inde- 
pendent of environmental fluctuations. 

(Our results reveal thatthe transcriptional state 
of a cell is largely a reaction to environmental 
‘conditions that are reguiated by a smaller core set 
of genes that stably determines cell identity. The 
use of environmental stimuli combined with cell- 
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Early Forebrain Wiring: Genetic 
Dissection Using Conditional 


Celsr3 Mutant Mice 
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Development of axonal tracts requires interactions 


is,° Catherine Lambert de Rouvroit,” 
M. Goffinet,? Fadel Tissir*t 


between growth cones and the environment. 


Tracts such as the anterior commissure and internal capsule are defective in mice with null 
mutation of Celsr3. We generated a conditional Celsr3 allele, allowing regional inactivation. 
Inactivation in telencephalon, ventral forebrain, or cortex demonstrated essential roles for 

CCelsr3 in neurons that project axons to the anterior commissure and subcerebral targets, as well as 
in cells that guide axons through the internal capsule. When Celsr3 was inactivated in cortex, 
subcerebral projections failed to grow, yet corticathalamic axons developed normally, indicating 
that besides guidepost cells, additional Celsr3-independent cues can assist their progression. These 
observations provide in vivo evidence that Celsr3-mediated interactions between axons and 
uidepost cells govern axonal tract formation in mammals. 


jormation of axonal tracts is essential for 
brain wiring, and several cues, such as 
extracellular molecules, guidepost cells, 
and fiber-to-fiber interactions, guide growing 
axons to their targets (I). We showed previ- 
ously that the anterior commissure (AC) and 
the internal capsule (IC) are defective in con- 
stitutive Celsr3 mutant mice (2). Celsr!, Celsr?2, 
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Fig. 1. Celsr3 expression is required 
intrinsically in neurons of origin of the 
AC. (A) Schematic representation of 
‘the AC, composed of a rostral com- 
ponent (R) that contains commissural 
axons connecting olfactory nuclei and 
a caudal component (C) made of axons 
that connect temporal lobes. OB it 
dicates olfactory bulb. (B and ©) Mon- 
‘tages of coronal sections.atthe level of 
‘the AC in newborn animals. The con- 
‘trol phenotype is shown on the left 
side, and the right side shows Celsr3l 
Foxgi (8) and Celsr3lémad (C) mice. 
Note the rudiment of AC in Celsr3i 
Emxt mice (arrow in ©. (D to F) Hor- 
‘zontal sections at birth day (PO) after 
Dil injection in control (D), Cels:31 
Foxgi (©), and Celsr3lEmxt mice (F). 
Arrows in (©) and (F) point to rudi- 
‘ments of AC that never cross the midline, 


80 Ui 


CCelsr3 are homologous to Drosophila flamingo! 
starry night (Fmifstan) (3, 4), which collaborates 
with Friceled and Van Gogh to regulate planar 
cell polarity (PCP) and neurite development. 
Celsr proteins are seven-pass transmembrane 
cadherins and are thought to mediate cell ad- 
hesion via homophilic interactions. Celst3 is 
expressed in postmigratory neurons in cortex, 
ventral telencephalon, olfactory structures, and 
thalamus during development and progressive 

ly down-regulated during maturation (5), 

To probe forebrain wiring, we generated a 
conditional mutant allel that allows inactivation 
of Celsr3 by crosses with mice that express the 
Cre recombinase in region-specific manners (6) 
This allele was produced by flanking exons 19t0 
77, deletion of which generates a mull allele (2), 
with laxP sites (“floxed” allele, Celsr3f)). Mice 
‘with regional inactivation were produced by cross- 
{ng double heterozygous males (Celsr3+/;Cre’*) 


Control 


OB 


S51N 


Celsr3)Foxg1 


with homozygous Celsr3ff females, Celsr3 in- 
activation requires Cre-mediated modification of 
fone floxed allele only, thereby increasing effi- 
ciency. To facilitate reading, we use the shorthand 
“Ps for example, Celsr3|Faxg! is short for 
Celer3{?-;Foxgl-Cre/. Cre-expressing strains 
were crossed with ROSA26R mice (7) to verify 
that Cre activation proceeded as described, In- 
activation was further confirmed by in sits hy- 
bridization with a probe complementary to exons 
19 to 27 that allows detection of intact Celsr3 
mRNA only and by Westem blot (fg. $1). Con 
tro! animals were double heterozygotes, eg, 
Celsr3fr+ ;Foxgl-Cre’* 

We first examined the role of Ceise3 during 
formation of the AC. In Celsr3\Faxg! mice in 
which Celsr3 is inactivated in the telencephalon 
(8), the AC was absent (Fig. 1, A,B, D, and E). 
Itwas also drastically affected in Celsr3|mx! 
mice that express Cre in olfactory structures 
and neocortex (9). Diminutive bundles origi 
nating from olfactory nuclei ran caudally and 
‘tumed, but never crossed the midline, as con- 
firmed by injecting 1,1 -dioctadecy!-3,3,3,3” 
tetramethylindocarbocyanine perchlorate (Dil) 
in the olfactory bulb (Fig. 1, C and F), This 
phenotype could refiect the kinetics of Cre ac 
tivation: Axonal growth from olfactory muclei 
may be initiated before a full inactivation of 
Celsr3 is achieved. In Celsr3|Emc! mice, Celsr3 
mRNA is absent from the olfactory and the 
temporal neurons of origin of the AC but 
present in the cells located along the pathway. 
Thus, normal Celsr3 activity is likely required 
cell-autonomously in the neurons of origin of 
the AC. In al other crosses, namely Celsr3\Gsh2, 
(Celsr3\Nx2.1, double Celsr3(Gsh2 and Nix2.1), 
and CelsriDbxS/6, that express Cre in large 
sectors of basal telencephalon but not in olfac- 
tory nuclei nor temporal cortex (0, 11), the AC 
developed normally. This suggests that Celst3 
expression may not be required in cells along 
the AC pathway. Alternatively, functionally 


Control Cetsr3|Emxt 


Celsr3jEmx1 


500 um 


16MAY 2008 VOL 320 SCIENCE www.sciencemag.org 


REPORTS | 


Contra! Celsr3)Emxt 


ig. 2. Region-specific Control Colsr3\Foxgt 
Celsr3 inactivation af- 
fects development of 
the ICin different man- 
ners. (A to F) Montages 
of PO sections stained 
with Cres violet (8) to 
(0) or neurofilament an- 
tibody (NF) (0) to PL 
‘The Cis fully defective 
in Celsr3IFoxg1 mice 
in which some thalamic 
axons cross to the con- 
tralateral diencephalon 
{arrow in (0). In Cesr31 
Dl5/6 mice, the IC does 
not form, but cortical 
axons stall and form a 
mass atthe level of the 
striatum [asterisks in (B) 
and (€)], whereas tha- 
lamic fibers are mis- 


‘outed tothe amygdala Coter3\Emxt 
larrow in (In Celsr31 aie 
Emad mice, the IC is 

resent and thalamo- 

& ‘ea 


cortical connections are 
similar to that in normal 
mice [(Q and . (@ 
Schematic summary of 
‘the phenotypes inthe 
various mice used, in re- 


lation to areas of Celsr3 S 
inactivation (gray) and ‘Dre ors 


expression of markers ‘— Thaiamocortical axons ©— Corticothalamic axons ©—~Subcerebral axons NI Celsr3 | 


(DlxSi6, Gshe, Nix2.1, _ 2 
aid Row andi, i Fors Dro ME N21 Gsn2 


dorsal and ventral thal- 
‘amus; HT, hypothalamus; VP, ventral pallidum; NCx, neocortex; PSPB, pallial subpallial boundary, and DTB, diencephalon telencephaton border. 


Fig. 3. ThelC conidorexpressesCela3, Celsr3mRNA —NKx2.1-Cre Gsh2-Cre _DixSI6-EGFP 
8/6, and istetd and is flanked with A 

expression of Wkx2.1 and Gsh2. Coro- NOx 

nal sections at rostral (A to E) and 

caudal levels (F to ) of the forebrain 

at E1255, showing expression of Cesr3 
{and (), in stu hybridization], act- 
vation of the LacZ reporter in ROSAZER! 
‘Nla2.1 mice (8) and (@)] and ROSAZ6R\ 
Gsh2 mice [(0 and (+), expression of 
45/6 [(0) and (), EGFP in the trans- 
genel, and expression of ilett [and 
(, immunohistochemistry|. A central 


corridors characterized by high levels 
of cls, Obst, and ied, andion Re, 


(7 
h 


levels of LacZ. Arrows in (F) and () 
indicate a Celsr3-positive, DbxS/6- 
negative zone that could explain par- 
tial growth of TCA in Celsr31Db5/6 
mice. CGE, LGE, and MGE, caudal, lat- 
eral, and medial ganglionic eminences. 
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relevant ces in intermediate regions mary have 6 
caped Celsr3 inactivation, because Gsh2-, NB21-, 
and Dix5/6-Cre mice do not express Cre strongly in 
the medial region where AC axons cross the mid- 
line. We favor the later interpretation because it fits 
‘with the observations on the IC described below. 

We next investigated the function of Ceisr3 
during development of the three components of 
the IC, namely corticothalamic axons (CTA), thal 
amocortical axons (TCA), and subcerebral pro- 
Jections [terminology of Molyneaux et al. (12) 
In Celsr3\Foxg! mice, despite normal Celst3 ex 
pression in dorsa! thalamus, al thee components 
were defective (Fig. 2, A and D). No thalami 
fibers turned toward the strianum, and no thalamic 
neurons were labeled after Dil injection in cortex. 
Reciprocally, injection of Dil in thalamus did not 
labe! cortical neurons but stained thalamic axons 
that ran into the basal forebrain or crossed the 
midline ventrally, like in constitutive Celsr3 and 
13 mutants (2, 13) (fig. S2). With use of focal 
jections in the basal forebrain at embry 
onic day 13.5 (E13.5), we found that ear 
thalamic fibers reached the medial ganglionic 
eminence in normal but not in Ceisr3~/— mice 
In contrast, in both genotypes, corticofugal ft 
bers crossed the pallial subpallial boundary and 
reached the lateral ganglionic eminence at E135 
(Bg. $3). Thus, Celsr3 is required for the early 
growth of TCA, but not CTA, toward ventral 
tclencephalon, 

‘The three components of the IC were also 
defective in Celsr3}Dix5/6 mice that express Cre 
in the ventral forebrain (1/) (Fig. 2, B and E). A 
subset of TCA managed an incomplete tuming at 


Fig. 4. The corticospi- Control 
nal tract is defective in 
Celsr3lEma mice. Com- 
parison of control (A, 
(©, and @) and Cels3i 
Emad (8), (0), and (F)] 
mice. In sagittal sections 
at P6 stained with an 
antibody against the L1 
molecule (8) and (8), cor- 
ticospinal axons are la- 
beled in contol [arrow 
in (A)] but not in the 
‘mutant ventral hindbrain. 
Crosses were carried out 
with Thy1-YEP mice, a 
transgene that labels 
neurons in cortical layer 
5 and corticospinal axons 
(Ow (F) AtP20, layers 
{swell populated in con- 
trol mice (Q, and the 
corticospinal tract is 
clearly defined [arrows 
in @, whereas cortical 
layer $ és very dimi 
tive (0) and no cortico- 
spinal axons are detected 
in the hindbrain (F) of 
Celer3Emd mice. 
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the diencephalon-telencephalon border but then 
ran aberrantly through the pallidum and amyg- 
dala. Corticofugal fibers crossed the pallial- 
subpalial boundary and entered the lateral part of 
the basal forebrain. However, they fiiled to pro- 
sgzess and spiraled in a disorderly manner, form: 
{ng an abnormal mass that filled most of the 
dorsal stranum and protruded in the lateral ven- 
tticle (Fig. 2E). Afier Dil injections in contex and 
thalamus, no labeling of thalamic or cortical cells 
‘was observed, confirming that both TCA. and 
CTA were defective (fig. $2). Si ‘no sub 
cerebral projections formed, as shown by ab- 
sence of corticospinal tract (CST) (fig. $4). Thus, 
Celsr3 expression by DA5/6-positive cells is 
required for progression of TCA, CTA, and 
subcerebral projections through the ventral te!- 
cencephalon. Partial progression of CTA through 
the pallial subpia! boundary in Celsr3iD85/6 but 
not in Celsr3\Foxg! mice may reflect Cels3- 
‘mediated fiber-to-fiber interactions among CTA, 
in which Ceist3 is expressed, or interactions be- 
‘ween CTA and Celsr3-positive, Dis/6-negative 
cells. Similarly, the partial tuming of TCA in 
Celsr3\Db5/6 mice may reflect interactions 
with Celsr3-positive, Dix5/6-negative cells 

To define which subset of Di:5/6-postive 
cells could qualify as guidepost cells, we used 
Gsk2-Cre and Nkx2.-Cre mice that express Cre 
in the lateral and medial ganglionic eminences, 
respectively. In Celor3|Gsh2, Celsr3|NIx21, and 
double Celsr3\Gsk2 
nents of the IC developed normally (fig. S5) 
This showed that a sufficient number of Celsr3- 
expressing guidepost cells along the IC originate 


Colsr3iEmxt 


from Nix2.J- and Gsh2-negative precursors. We 
compared the distribution of Celsr3 (in situ hy 
bridization), Nkx2.1 and Gsh2 (LacZ, histo- 
chemistry and immunohistochemistry), Dix5/6 
{enhanced green fluorescent protein (EGFP) re- 
porter], and Islet! (immunohistochemistry) at 
E125, before any fiber growth in the ventral 
telencephalon, and at 14,5, when the IC be- 
gins to form. AtE12.5 (Fig. 3), Celsr3 expres- 
sion was very similar to that of DIXS/6, with 
‘maximal signal along the ganglionic eminences 
Where Islet] was also present (compare Fig. 3, D 
and E, to A), Expression of LacZ in ROS426R\ 
\Nio2.1 and ROSA26R'Gsh2 mice was strong in 
large sectors of the ganglionic eminences and in 
the striatal mantle but low in the intermediate 
region where expression of Celsr3 and D&S/6 
‘was maximal. At E145 (fig. $6), zones of Gsh2 
and Nix2.1 expression flanked axonal bundles of 
the incipient IC, whereas Isletl-expressing cells 
‘Were in close contact with axonal tracts, in the 
region of highest DIxS/6 signal and minimal Gsh2 
and Niox2.1 signal. These observations suggest 
that Celsr3 is required in basal forebrain guide 

post cells that are positive for DIxS/6 and possi 

biy Istetl and that are derived from Nla?.I-Cre— 
and Gsh2-Cre-negative precursors. 

Totest whether Celsr3 is required intrinsically 
for progression of corticofiygal axons, we studied 
Celsr3\Em! mice, in which Ce'st3 is inactivated 
carly in the cortical anlage (9) (fig. SI). In those 
rice, subcerebral projections such as CST were 
defective. In crosses with Thyl-yellow fluores. 
cent protein (YFP) transgenic mice (14), the CST 
was clearly defined in control mice but absent 
{in Celsr3}Emcc] mice in which the number of co- 
rtical layer 5 neurons was dramatically reduced 
Fig. 4), Afier injections of Fluoro-Gold (Biotumn, 
Incorporated, Haywood, CA) in the spinal cord, 
cells were labeled in the hindbrain, red nucleus, 
and layer $ in normal mice but only in the hind- 
brain and red mucieus, and not in layer 5, in 
Celsr3{Emac! mice (fig. S7). Thus, Celsr3 is re 
quired, presumably cell autonomously, in the 
neurons of origin of subcerebral axons, like in 
those of the AC. 

In contrast to subcerebral projections, CTA 
and TCA developed nommally in Celsr3/Emx! 
mice (Fig. 2). ALEI45, fibers from dorsal thal- 
amus tumed at the diencephalon-telencephaion 
border and progressed along the ganglionic emi 
nences before passing the pallial subpallia bound- 
ary and growing towand the cortex, similar to 
fibers of control mice. Injections of Dil in the 
cortex and thalamus resulted in labeling of tha- 
Jamic and cortical neurons, respectively (Bg. 82) 
To assess the cortical distribution of TCA, we 
studied cortical barrels by using cytochrome oxi- 
dase and Niss! staining of parietal contex. As 
shown in fig. S8, barrels failed to form in mice 
that had no TCA, such as Celsr3\Faxg? and 
Celsr3}D85/6 mice, and developed normally in 
(Celsr3\Emx! mice, indicating nonnal TCA map- 
ping. Thus, inactivation of Celst3 in CTA did not 
prevent them from navigating to the thalamus, 
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nor did it perturb the growth and cortical map- 
ping of TCA. 

Why would Celsr3 be required in AC and 
subcerebral axons but not in CTA? First, a few 
subplate cells could escape Celsr3 inactivation in 
(Celsr3\Emx! mice and provide pioneering axons 
to thalamus (15, 16). However, Ceist3 is inac- 
tivated early in the cortex in those mice (fig. SI), 
‘making this rather unlikely. Second, other Ceisr 
proteins may act redundantly with Celsr3 in CTA 
neurons and mediate their interactions with 
Celsr3-positive guidepost cells. Alternatively, 
normal Celsr3 expression in dorsal thalamus 
and basal forebrain in Celsr3]Emex! mice allows 
progression of TCA, which could encounter 
Celsr3-deficient CTA and help them travel to 
the thalamus, as predicted by the “handshake 
hypothesis” (17). Celsr3|Rora mice were pro- 
duced to inactivate Celsr3 in dorsal thalamic 
nuclei and thereby assess their role in TCA 
growth. The IC developed normally in those 
mice, indicating a situation reciprocal to that in 
(Celsr3\Emex! mice. However, studies of ROSA26R, 
Rora mice showed that Cre expression was 
restricted to a subset of dorsal thalamic cells. 
‘Thus being unable to test the function of Ceisr3 
fn thalamic neurons in vivo, we addressed the 
question using explant cultures. We co-cultured 
explants from norma! or Celsr3-mutant thalamus 
that expressed the GFP transgene ubiquitously 
(28) with explants of normal ventral diencepha- 
Jons at E13.5. As shown in fig. S9, normal dor- 
sal thalamic axons were repelled by explants 
from ventral diencephalon (32/57 cases) (19) 
However, almost no repulsive activity was de- 
tected for Celsr3-defective thalamic axons (434 
cases; P< 0.01, 73), suggesting that Celsr3 ex 
pression in TCA was required for their response 
to ventral diencephalic cues. Thus, Celsr3 ex 
pression is probably necessary both in TCA and 
{in cells along their pathway (Celsr 3DE5/6 mice) 

(Our results have implications for the mecha- 
nisms of brain wiring and the function of Ceist3. 
Demonstrated in invertebrates (20), a role of 
uidepost cells in axonal navigation in mammals 
has been repeatedly proposed (2/-24). Our re 
sults demonstrate that they indeed play a crucial 
function that requires Ceist3 expression (the rol 
of other molecules implicated in thalamocortical 
and CST fiber nagivation is discussed briefly in 
SOM). Altogether, our data indicate that Celsr3 is 
required both in axons and guidepost cells, con- 
sistent with its mediating homophilic interactions. 
Normal CTA development in Celsr3\Emox! mice 
indicates that Celst3 independent cues are also 
involved in their growth. Candidate mechanisms 
are CTA-TCA fiber interactions like the hand- 
shake (17, 20), fiber-fiber interactions between 
CTA and pioneer subplate axons (15, 16), and 
adhesion of Celst3 in guidepost cells with other 
Celsr molecules present in growth cones. Fur 
thermore, Celsr3|Eme! mice provide a unique 
‘mode! to study how subcerebral projections seg- 
regate from CTA when they reach the medial as- 
pect of the IC en route to the cerebral peduncles, 
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‘an important developmental event that hitherto 


In Drosophila wing cells, symmetrically ex- 
pressed Fmi/stan proteins are thought to undergo 
‘homophilic interactions, bringing distal and prox- 
imal cell membranes in contact and thereby fos- 
tering signaling by asymmetrically located Frizzled 
on the distal and Van Gogh on the proximal side 
(25). Axonal anomalies in Celsr3 and Fed3 mu- 
tant mice are similar (73), suggesting that corre- 
sponding proteins also act together in mice (25). 
‘Moreover, Fed3 and Vangi? are co-expressed with 
Celsr3 in postmigratory neurons (26). Like in the 
fly, Celsr3 expressed on the membranes of growth 
‘cones and guidepost cells may promote adhesion 
and allow Fzd3 and Vang!? to interact and signal. 
‘This mode! predicts thatthe expression and action 
of Fad3 and Vangi? should be asymmetric, one in 
‘axons and the other in guidepost cells. Con 
tional Fad3 and Vangi? alleles should allow test- 
ing that mode! further. 


References and Notes 

12M Tesier-Lavigne, Homey Lec. 98, 103 (2002). 

2 FT, Bar, Josie, AM. Goffe, Nat ewrosci 8, 
451.2005. 

3. T. Usui ot. Cel 98, 585 (1999). 

4 1 Ghz ef of. Development 126, 5221 (1999) 

5. FT, 0. De Boke, A M GofinetC. Lambert de Ranta, 
Mech Dex 2,157 2002) 

‘Material and methads are arable on Science Online. 

P. Sorina, Nat. Genet. 22. 70 (1999) 

LM. Heber. S. K MeConnll. Dev. Biot 222, 296: 

‘0008 

8 LA Gonski eto. Newosc, 22, 6309 (20022 

20. W. Kessris eto. Mat. Newcosc 9, 173 (2006) 

1 Stenean. H.Toresson,K. Campbel J Hewosc. 23, 

167 2003). 

12. 5} Molyncoue,P.Aelot, JR Menezes, JD. Macs 
at. Rx. Hesroec. 8, 627 2007. 


erry 


REPORTS k 


13. Y. Wang, N The P. AL Sallood, J.P Mack, 
| Nathons 2. ewosc, 22, 8563 (2000) 

34, G Feng tot, Heoron 28, £1 20, 

15. A Ghosh, A Antonin, SK McConnell.) Satz, 
Notare 387, 179 (1990), 

16, SK MeCanmell A Ghosh, C J. Shatz Science 285, 978 
ase), 

7. Z Molnar, C. Bkemore, Nture 352, 475 (1993), 

18. M Olabe. ML awa, K. Korn, Nakanishi, 
¥. Nishimune, FEBS tet. 407, 313 1997) 

19. 1 E Braised, Tutte, D. OLeay, Dew. Bat 208, 630 
9991 

20. D. Bentley, M. Coudy, Notre 308, 62 (1983) 
RF. Hemer, E Miyashita-tin.}. L Rubenste'n, 

Comp. Hesrol. 487, 8 2602). 

22. | Mirani, RW, Gulley, Trends Neurosci. 16, 240 
4993), 

23. G Loper Sento eto, Cell 125, 127 (20060. 

26, R Tule. ¥, Nakagawa, J. £ Johnson, 0. D. O'Leary, 
Development 126, 1903 (1999. 

25, D. Suut. H, Sout, Dex. Bot 302, 182 (20071. 

26, F Tit, AM Gime, Eu J. Newrosc. 23, $97 (2006) 

27. We thank V. Bante | Lambermont, 2nd E. Pate for 
‘echnical assistance: G. Hamad ft help with 
embryonic stem cl injections: AL. Okabe for GFP mice: 
FG Rathien for antbodies against 2; P. Soran for 
-ROSAZER ice: and L Nguyen, A. Stoykova, and 
>. Vanderhaeghen for help or discussion. Ths work was 
supported by grants Actions de recherches concerts, 
(ARC-186), FREC 2.4508.01,FREM 3.4501 07, and FRSM 
3.4529.03; by interniversty Poles of Atracton (TC 
PA p62: and by the Fondation Médicale Reine 
Estbeth all rom Belgium, £7. is 2 Research Associate 
of the Fonds National de ls Recherche Scentiqe 


‘Supporting Online Materiat 
vom siencemag.orglgicontenull320/5878/946/0C1 
aerials and Wetbads 

SOM Text 

Fags S199 

Table 

References 


15 January 2008; accepted 18 Api 2008 
2O226leience 1155248 


cAMP-Dependent Signaling as a Core 
Component of the Mammalian 
Circadian Pacemaker 


John S. O'Neill,** Elizabeth S. Maywood," Johanna E. Chesham,? 


Joseph S. Takahashi,? Michael H. Hastings*t 


‘The mammalian circadian clockwork is modeled as transcriptional and posttranslational feedback 
loops, whereby circadian genes are periodically suppressed by their protein products. We show 
‘that adenosine 3',5’-monophosphate (cAMP) signaling constitutes an additional, bona fide 
component of the oscillatory network. cAMP signaling is rhythmic and sustains the transcriptional 


loop of the suprachiasmatic nucleus, determi 


ing canonical pacemaker properties of amplitude, 


phase, and period. This role is general and is evident in peripheral mammalian tissues and cell 
lines, which reveals an unanticipated point of circadian regulation in mammals qualitatively 
<ifferent from the existing transcriptional feedback model. We propose that daily activation of 
‘cAMP signaling, driven by the transcriptional oscillator, in turn sustains progression of 
transcriptional rhythms. In this way, clock output constitutes an input to subsequent cycles. 


‘hypothalamus are the principal circadian 
‘pacemaker in mammals, driving the sleep- 
‘wake cycle and coordinating subordinate clocks 


T= ‘suprachiasmatic nuclei (SCN) of the 


in other tissues (1). Disturbed circadian timing 
can have a major negative impact on human 
health (2). The molecular clockwork within the 
SCN has been modeled as a combination of 
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transcriptional and posttranslational negative 
feedback loops (3), whereby protein products of 
Period and Cryptochrome genes periodically 
suppress their own expression (4). It is unclear 
how long-term, high-amplitude oscillations with 
a daily period are maintained, not least because 
transcriptional feedback loops are typically less 
precise than the oscillation of the circadian clock 
and oscillate ata higher frequency than one cycle 
per day (5), Moreover, recombinant cyanobacterial 
proteins can sustain circadian cycles of autophos- 
phorylation in vito, inthe absence of transcription 
(), and intracelar signaling molecules cycc 
adenosine diphosphate-ribose (CADPR) and Ca* 
are essential regulators of circadian oscillation in 
Arabidopsis and Drosophila (7,8). This indicates 
‘that transcriptional mechanisms may not be the 
sole, or principal, arbiter of circadian pacemaking 
(, 10). We show that the transcriptional feed. 

back loops ofthe SCN are sustained by eytoptasnic 
adenosine 35'monophosphate (CAMP) signal 

ing, which determines their canonical properties 
of amplitude, phase, and period. This extends the 
concept of the mammalian pacemaker beyond 


Meal Research Counc (HRC) Laboratory of Molecular 
Biology, His Road, Cambridge C82 00H, UK.“Howart Hughes 
Medical instute, Department of Neurobiclogy and Physict- 
‘gy, Norhwestem University, 2205 Tech Orv, Evasion, IL 
60208-3520, USA. 

‘Present adres: Center fr Systems Biology at Edinburgh, 
University ef Edinburgh, eeinbuesh £49 3], UK. 

{fo whom correspondence shuld be addressed. Ema 
rhagomrc-tmb.camacuk 


Fig. 1. Damped and 
desynchronized cellular 
circadian gene expres- 
sion in SCN after sup- 
pression of cAMP and 
CRE rhythms. (A) Circa- 
dian oscillation of cAMP. 
concentration (blue) and 
PERZ:LUC biolumines- 
cence (red), a5 well as 
cAMP concentration in 
SCN slices treated with 
MDL-12,3308 (MDL) or 
wth forskotn plus IBM 
[P <0.01 versus other 
samples, by analysis of 
variance (ANOVA) and post 
bho Duncan's multiple 
range test] (B) Circadian 
oscillation of CRE activity 
in two representative 
SCN slices reported by 
(CREzluciferase adeno- 
Vins. (© Reversible, dose 
dependent suppression 
of SCN PERZ=LUC ex 
pression by MOL Arrows: 
indicate medium changes. 


| re imet es et eaa 


transcriptional feedback to incorporate its inte- 
gration with rhythmic cAMP-medisted cyto- 
plasmic signaling 

We tracked the molecular oscillations of the 
SCN as circadian emision of bioluminescence 
bby orgmnotypical slices from transgenic mouse 
brain. Rhythmic luciferase activity controlled by 
the Per! promoter (Perl -uciferase) revealed cit 
‘cadian transcription, and a fusion protein of mPER2 
and LUCIFERASE (mPER2--LUC) reported cir- 
cadian protein synthesis rhythms. Under these 
conditions, the cAMP content of the SCN was 
circadian (Fig. 1A) and accompanied by a cir 
cadian cyce in activity of CAMP response element 
(CRE) sequences reported by a CRE:slucferase 
adenovinss (Fig. 1B). In molluscs, binds, and the 
‘mammalian SCN, cAMP is implicated in entrain- 
‘ment or maintenance of clocks, or both, or me- 
ation of clock output (11-13). It has not been 
considered as part of the core oscilatar (14). Ifthe 
cAMP-mediated rhythm of CRE activity is nec- 
essary for SCN pacemaking, its suppression 
should compromise circadian gene expression. We 
treated SCN slices with MDL-12,330A (MDL), 
potent, reversible inhibitor of adenyly! cyclase 
(AO (15) to reduce concentrations of cAMP to 
basal levels (Fig. 1A). MDL rapidly suppressed. 
circadian CRE:lucferase activity, presumably 
through loss of cAMP-dependent activation of 
CRE sequences (Sg. SIA), and caused a dose- 
dependent decrease in the amplitude of cycles of 
readian tanscription and protein synthesis ob- 
served with mPer!:lucferase and mPER2-LUC 


a 


(01,040) eouoaeoununyore 


(eof maximum eps) 
8 8 


On euad 
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CRE ):Luc bioluminescence 


(ig. 1C and fig. SI, B and C). Damping was 
reversible over several days and not an artifact of 
the bioluminescent reporters, because MDL. also 
suppressed mPerl-dependent circadian transcrip- 
Gon reported by green fluorescent protein (fig 
SID). Video imaging of mPER2:LUC expres- 
sion showed that MDL (2.5 4M) rapidly sup- 
pressed celular circadian gene expression to barely 
detectable evels (Fig. 1D), Prolonged exposure to 
MDL (1.0 uM) suppressed and desynchronized 
the transcriptional oycies of SCN cells (Fig, 1B) 
Pharmacological inactivation of AC therefore 
mimicked the effect of permssis toxin (16) and 
Joss of the gene encoding the vasoactive intestinal 
peptide receptor 2 (Vip2+), an activator of AC 
within the SCN (17). MDL also reduced cAMP 
to undetectable levels in NIH 373 fibroblast cul- 
tures (fg. S2, A and B) and suppressed circadian 
transcriptional cycling revealed by a Bmall::lue 
reporter (3) (fig. $2, Co E), MDL had no effect, 
however, on luciferase expression from NIH 373 
cells transfected with a control, noncircadian 
(CMY, cytomegalovirus) promoter (fig. S2F) 
If cAMP sustains the clock, interference with 
cAMP effectors should compromise pace- 
‘making. Treatment of brain slices with inhibitors 
‘of cAMP-dependent protein kinase had no effec, 
however, on circadian gene expression in the 
SCN (fig. $3), cAMP also acts through hyper- 
polarizing cyclic mucleotide-gated ion (HCN) 
channels (18) and through the guanine nucieatide~ 
exchange factors Epacl and Epac? (Epac, ex- 
change protein directly activated by cAMP) (19), 
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(0) Effect of MDL on PERZ::LUC expression in individual SCN neurons (n= 20), 
bioluminescence expressed as relative gray-scale units (0 to 255 piel intensity). 
Videomicrograph illustrate distribution of PERZ=LUC expression before (left) and 
during (right) treatment with MDL. V, third ventricle. Scale bar, 500 ym. (E) 


Desynchronization of cellular pacemakers of SCN revealed by (top) raster plots 
and (bottom) Rayleigh plots of PER2::LUC oscillations of 20 representative SCN 
neurons before and after addition of MDL. Data are representative of three or 
more slices. 
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2. Influence of effectors of cAMP signaling on SCN circadian 
pacemaking. (A) Effect of HCN channel blocker 2D7288 (arrow) on SCN 
‘mPER2::LUC circadian gene expression. (B) Damping of peak bioluminescence 
in SCN slices treated with vehicle or ZD7288 (Pre, pretreatment; means = 
SEM, n > 4). (C) Brefeldin A suppresses circadian gene expression in 
PER2::LUC SCN. (D) Transient reactivation of MDL-suppressed circadian 
PERZ::LUC expression in SCN slices by Sp-8-CPT-2-O-Me-cAMPS. (E) Acute 
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Fig. 3. Alterations in the phase of the SCN oscillator after acute transitions in cAMP concentrations. (A) 
PERZ=LUC bioluminescence rhythms from SCN treated with vehicle or forskolin and IBMK (green 
arrowhead), followed by washout (blue arrowheads). Dotted lines highlight synchrony of For1BMX— 
‘treated slices, but not control slices, after washout. (B) Phases of PERZ::LUC rhythms in individual SCN 
immediately before (pre-) and 4 days after (post-) washout of vehicle or For-IBMUX. Removal of Fo-1BMX 
jon, diving slices to a common phase, regardless of phase before washout. 


caused resynchroniza 
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activation of cellular circadian gene expression (expressed as relative gray- 
scale units) by Epac agonist in presence of MDL, illustrated by raster (top) 
and graphical plots (bottom) of 20 representative cells. (F) Phase shifts 
‘of SCN circadian PER2::LUC bioluminescence rhythm by Epac agonist 
(Sp-8-CPT-2-O-Me-cAMP, red) but not vehicle (black) (means + SEM, 
17> 3 per time point; “*P < 0.01 versus vehicle, by ANOVA and Bonferroni 


The imeversible HCN channel blocker ZD7288, 
‘which would be expected to hyperpolarize the 
neuronal membrane, dose-dependently damped 
circadian gene expression in the SCN (Fig. 2, 
‘A and B). This is consistent with disruption of 
transcriptional feedback thythms by other ma- 
nipulations that hyperpolarize clock neurons 
N (7, 20, 21), Brefeidin A, applied at a dose that 
antagonizes Epac but does not affect synaptic 
transmission (22), also rapidly and chronically 
suppressed SCN pacemaking (Fig. 2C and fig. 
‘S4A). Thus, circadian pacemaking is sustained 
by cAMP effectors, as well as by AC activity. 
Direct activation of the effectors might com- 
pensate, therefore, for inactivation of AC by 
MDL. A hydrolysis resistant Epac agonist [8(4- 
chlorophenyithio}2-O-methyladenasine3'5'-cyelic 
monophosphorothioute, Sp-isomer, Sp-8-CPT- 
‘O-Me-cAMPS] (Fig. 2D and fig, S4B) transient- 
activated oscillations in transcriptional activity 
in SCN treated with MDL. An agonist active on 
both Epac and cAMP-dependent protein kinase 
(PKA), namely, Sp-8 CPT-CAMPS, also transiently 
activated circadian gene expression, whereas an 
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Fig. 4. Prolonged SCN circadian period in vitro and in vivo after inhibition 
of AC by THEA. (A) Effect of THFA on circadian period of representative 
SN slices, reported by mPer1::luciferase. (B) Sigmoidal curve fit to one- 
site inhibition model with 95% confidence limits. Red data point indicates 
period after washout. (C) Circadian period in SCN from wild-type and 
Clock mutant mice, before or during treatment with THEA (**P < 0.01 
versus pretreatment, by ANOVA and Bonferroni test). All data plotted as 
means + SEM, n > 3. (D) Representative double-plotted, wheel-running 
records of mice treated with (left) vehicle and (right) THFA (delivered to 
SCN via osmotic minipump). Mice entrained to 12 hours light (shaded) 
and 12 hours dim red light were released into continuous dim red light. 
Asterisk indicates day of surgery and commencement of infusion. 


agonist specific for PKA (6-Bnz-cAMP) had no 
effect (fig. S4B). Video imaging showed that 
Epac agonist synchronously activated circadian 
zene expression in individual SCN cells (Fig. 2E). 
‘The transcriptional cycles induced by Epac ago- 
nism damped rapidly in the presence of MDL, 
however, which demonstrated that, when cAMP 
concentrations were permanently suppressed, the 
reactivated transcriptional feedback loops were 
not self sustaining. 

Epac can lead to activation of the tran- 
scription factor CRE-binding protein (CREB) 
by phosphorylation (23), and so CRE sequences 
in Per! and Per? are likely points of integration 
‘between Epac and the core loop. An Epac agonist 
acutely triggered CREB phosphorylation (fig. 
SAC) and CRE: luciferase activity (increase + 
SEM: vehicle, 1.9% + 0.7%; Epac agonist, 
38.4% + 13.0%; n = 4) in SCN slices treated 
with MDL. If Epac activity were rate-limiting 
during the normal circadian cycle, acute activa- 
tion should reset the oscillator, and indeed, a 
short-acting, hydrolyzable Epac agonist (Sp-8- 
CPT-2-O-Me-cAMP) phase shifted SCN slices 
ig, 2F). As with cAMP agonists (13), treatment, 
of slices with Epac agonist during the circadian 
day advanced the SCN. The dependence of circa 
dian gene expression on cAMP mediators Epac] 
and Epac2 and HCN confirms the necessary con- 
tribution of cAMP signaling in sustaining the SCN 
pacemaker. 
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If circadian cAMP signaling is an intrinsic 
part of the pacemaker, feeding back into the tran- 
scriptional loops rather than being soley an out- 
Put, it should determine their temporally specific 
‘Parameters of phase and period To test this, we 
decoupled cAMP concentrations from the tran- 
scriptional oscillator by treating SCN slices with 
forskolin (Fon), the activator of AC, and the 
‘cAMP phosphodiestease inhibitor 3-isobutyl-1- 
‘methylxanthine (IBM). This chronically elevated 
cAMP levels (Fig 1A) and acutely increased 
mPER2-LUC activity (Fig. 3A), Previously asyn- 
cchronous SCN slices were resynchronized, an 
solely as an output (ig. SSA). Contimed expo- 
sure of slices to For IBMX elevated the circadian 
nadir of mPER2:LUC expression, damping 
amplitude and definition of the circadian profile 
ofthe sice and of individual cells across the SCN 
3A and fig. SS, B and C). With sustained 
clevation of cAMP concentrations, the imposed 
(Big. SSD). 

‘Afier 5 to 7 days of treatment with For- 
IBMX, we acutely reduced cAMP concentra- 
tions by transferring slices to fresh medium. This 
‘was done as a “wedge” experiment (24,25), such 
that the reduction of cAMP concentrations was 
imposed at different phases of the ongoing os- 
cillations of different slices. If cAMP signals 
‘constinute part ofthe pacemaker and not solely its 


i 
q 
rc) 


Time (hours) 


‘output, the enforced decline in cAMP concen- 
‘rations would set the transcriptional oscillator to 
a new unique phase. Consequently, the gene 
expression rhythms of all slices would be syn- 
chronized, regardless of their phase before 
washout. Washout did not synchronize vehicle 
treated SCN (Fig. 3B and fig. SSD). In contrast, 
‘washout resynchronized SCN previously treated 
‘with For BMX to a common phase distinct from 
that of control slices. Note that the extrapolated 
phase of peak PER2:LUC activity occurred 
about 39 + 11 min afier the time of washout, 
‘hich is consistent with the delay of about 1 hour 
between the circadian minimum of cAMP con- 
tent and peak PER2:LUC activity in SCN slices 
(Fig. 1A), Hence, the behavior of the transerip- 
‘ional Joop was determined by acute changes in 
cAMP signaling, decoupled pharmacologically 
from that loop. As with protein synthesis (25), 
these results identify cAMP as a component of 
the SCN oscillator. 

Finally, if cAMP signaling is an integral 
component of the SCN pacemaker, altering the 
rate of cAMP synthesis should affect circadian 
period, 9-(Tetrahydro-2-fury!)-adenine (THEA) 
is a noncompetitive AC inhibitor (15) that slows 
the rate of G, stimulated cAMP synthesis, which 
attenuates peak concentrations (fg. $2, A and B). 
TTHFA dose-dependently increased the period of 
circadian pacemaking in the SCN, from 24 to 
31 hours (Fig. 4, A and B), with rapid reversal 
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‘upon washout, Rhythm amplitude decreased at 
higher concentrations of THERA (fg. S6A). Imag- 
ing of individual cells revealed that THEA in- 
creased period in neurons across the SCN (Bg. 
S6B). Other noncompetitive inhibitors also 
lengthened SCN period (fig. S6C). The effect of 
‘THEA was additive to that of the Cock mutation 
(Fig. 4C), which suggests THFA acts in addition 
to, and independently of, E-box-mediated trans- 
activation by CLOCK and BMALI. Further, 
THPA acted additively with inhibition of e-Jun 
‘N-terminal kinase (INK), by generating unusually 
Jong periods of 36 hours (fig. $6, D and E). THEA 
also lengthened the period of cicadim oscillators 
in peripheral tissues from mPER2=LUC mice and 
fibroblasts transfected with Bmall::bue reporter 
(fig. S7, A to D). Note that THFA lengthened 
the circadian period of whee!-ruming when dev 
ered contiuously and directly to the SCN of 
mice via intracerebral cannulae (Fig. 4D and fig. 
STE). The differential circadian effects of AC 
inhibitors, damping versus period-lengthening by 
MDL and THFA, respectively, reflect their 
particular actions on cAMP kinetics. The current 
results therefore suggest that noncompetitive 
inhibitors, such as THFA, might be of therapeutic 
‘value in patients with acute (etag, shift work) or 
‘maintained [familial advanced sleep phase syn- 
drome (26)] acceleration of circadian period. 
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We conclude that cicadian pacemaking in 
‘mammalsis sustined, and its canonical properties 
‘of amplitude, phase, and period are determined by 
a reciprocal interplay in which transcriptional and. 
ppostranstationa! feedback loops drive rhythms of 
‘CAMP signaling and that dynamic changes in 
‘cAMP signaling, in tum, regulate transcriptional 
ceyces. Thus, output ffom the current cycle con- 
sttues an input into subsequent cycles. The 
interdependence between nuclear and cytoplasmic 
oscillator elements we describe for cAMP also 
‘occurs in the case of Ca” and cADPR (7, 8), 
‘which highlights an important newly recognized 
‘common logic to circadian pacemaking in widely 
divergent xa. 
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For example +44-1473-240000 
www-genevac.com 


Yeast RNA Purification 

The MasterPure Yeast RNA Purification Kit provides all the 
reagents needed to purify RNA from various yeast cell types, 
including Candida, Saccharomyces, Schizosaccharomyces, and 
from filamentous fungi, such as Aspergillus. The kit makes use of a 


rapid desalting process to remove conta 
avoiding toxic organic solvents, bead beating, and spheroplasting. 
The resulting MasterPure RNAis of higher quality thanthat obtained 
from bead-beating and is suitable for gene expression analysis. 
Epicentre Biotechnologies 

For information 800-284-8474 

www.EpiBio.com 


Basement Membrane Extract 

The PathClear Basement Membrane Extract (BME) can be used 
for promotion and maintenance of a differentiated phenotype 
in a variety of cell cultures, including primary epithelial cells, 
endothelial cells, and smooth muscle cells. It has been used 
angiogenesis assays, in tumor cell invasion assays, and as a 
vehicle to augment the tumorgenicity of tumor cells injected in 
nude mice. The PathClear designation means that in addition to 
standard sterility, endotoxin, and mouse antibody production 
testing, the BME is tested by polymerase chain reaction and is 
clear of a battery of 31 pathogens. Each lots rigorously qualified 
biological performance assays. Available in reduced growth factor 
form, with and without phenol red, PathClear BME is expected to 
be of special interest for in vivo murine research and other work 
requiring BME free from viruses, bacteria, and mycoplasma. 
Trevigen 

For information 800-873-8443 

wwwstrevigen.com 


Low Volume Absorbance Applications 

The Infinite 200 NanoQuant is a multimode microplate reader 
developed for absorbance applications with low volumes. It is 
available with Tecan’s quad4 monochromators, which provide 
high wavelength accuracy for endpoint measurements over the 
entire spectral range. It is also available with new 260 nm or 280 
rom filters with an ultraviolet-stable coating that provide exact 
central wavelengths and narrower bandwidths. It can detect DNA 
concentrations as low as 1 ng/til. It is suitable for a broad range 
of applications, including DNA and RNA quantitation and quality 
control. It offers sensitivity, multiplexing capability, and format 
flexibility from 6-well to 384-well microplates as well as half-area 
plates and the new NanoQuant plate for low concentration and 


Electr 
Newiy offered instrumentation, apparatus, and laboratory materi 


Well Freeze-Drying System 

The VirTis 96 Well Freeze Drying System for high throughput applications combines a choice of glass or 
plastic vials, set in an aluminum vial holder. The solid aluminum 96-well vial holders provide efficient 
‘and even heat distribution to ensure fast and consistent freeze-drying results for every sample. A range 
of glass-vial sizes is available. The new fluted LyoCap 96 Well CapMat Stoppers enable samples to be 
quickly freeze-dried and then sealed under vacuum, inert gas, or filtered air after the lyophilization cycle 
is complete. In traditional 96-well freeze-drying systems, samples in the wells around the plate edges 
tend to dry more quickly, but the VirTis sytem eliminates this effect. The system’s effectiveness means 
scientists have an alternative to storing sensitive or heat labile samples at low temperatures. 


Business Office 


sample volumes. The new NanoQuant plate contains a special 
quartz optic for each of the 16 samples it holds. It offers quick 
and easy cleaning to reduce the risk of cross contamination. The 
NanoQuant can be upgraded with additional detection modes. 
Tecan 

For information +41 44922 8131 

www.tecan.com 


Multifrequency Fluorometer 

The MF2 (Multi-Frequency Fluorometer) performs faster fluores- 
cence lifetime measurements, providing previously unattainable 
insight into the molecular behavior of cells, nanodevices, and other 
research materials. By grouping multiple frequencies into one high 
frequency waveform and greatly expanding the available frequency 
range, the instrument decreases the time it takes to measure 
a fluorescence lifetime from minutes to milliseconds, a 10,000- 
fold change. 

Horiba Jobin Yvon 

For information 800-446-7422 

www.horiba.com 


Filter Plates 

An addition to the MultiScreen family, the MultiScreenHTS¢ filter 
plates are for radiometric kinase and G protein-coupled receptor 
assays. These filter plates have a mesh backing to create uniformly 
flowing wells to improve washing efficiency. The new plate design 
reduces overall nonspecific binding and reduces variability in both 
background and signal intensities. The filter plates allow for higher 
throughput, greater assay sensitivity, and detection flexibility. 
Millipore 

For information 800-548-7853 

woww.millipore.com 


Rodent Respiration Monitoring 

The Oxylet System is designed for monitoring respiratory 
metabolism in rodents. Through use of an indirect calorimetry 
system, the Oxylet monitors carbon dioxide production, oxygen 
consumption, and respiratory ratio. Itcan bescaled up to monitor32 
animals simultaneously. Each animal chamber has an independent 
fiow meter, so one system can accommodate multiple species at 
thesame is suitable for studies of obesity, diabetes, athletic 
‘exercise training, and other respiratory-challenging conditions, 
Harvard Apparatus 

For information 800-272-2775 

www.harvardapparatus.com 


cally submit your new preduct description or product literature information! Go to www.sciencemag.org/products/newproducts.dil for mote information. 
of interest to researchers nall disciplines in academic, industrial, and governmental organiza. 
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ned is not implied, Additional information may be obtained from the manufacturer or supplier. 
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